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ABSTRACT 
In a confined plunging liquid jet (CPLJ) system, a liquid jet is allowed to fall in a 
partially submerged narrow downcomer tube. Liquid jet impingement at gas-
liquid interface leads to entrainment of gas, which is dispersed down the 
downcomer tube in to outer pool in form of bubbles. This simple phenomenon of 
gas entrainment bears great industrial significance. It facilitates an efficient gas 
liquid contacting device, which can be used for waste water aeration and lake 
destratification etc. In present work, a confined plunging liquid jet system was 
experimentally and numerically analyzed. On experimental front, a laboratory 
scale CPLJ setup was developed. Impact of change in jet height, water flow rate 
and nozzle diameter on, bubble plume size and surrounding flow field was 
investigated through high speed camera photography and Particle Image 
Velocimetry. Image processing programs were developed in MATLAB for 
extracting plume boundaries in high speed camera images. Experimental 
results showed that, bubble plume width and flow field is only weakly dependent 
on jet height. With increase in water flow rate, bubble plume size and air lifted 
water velocity increases. Increase in nozzle diameter, at constant water flow 
rate and jet height, decreases both the plume size and upward water velocity.  
On numerical front, a 3D Euler-Euler two-fluid CFD simulation of bubble plume 
dispersion was performed for the test case of 7 mm nozzle diameter, 100 mm 
jet length and 12.5 LPM water flow rate. Grid generation was done in GAMBIT 
while CFD software ANSYS CFX 12.1 was used for CFD simulations. Air phase 
was modelled as a polydispersed fluid with eight size bins. In CFD modelling, 
interfacial drag, lift, wall lubrication and turbulent dispersion forces were 
incorporated through appropriate correlations. Numerical and experimental 
results were found to be in agreement with each other. CFD results showed that 
at least 85% of the inlet air breaks thorough the downcomer tube in to outer 
water tank. 
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1 
1 Introduction 
1.1 Motivation 
A liquid jet plunging in a pool of liquid entrains gas at the gas-liquid interface. 
Entrained gas is dispersed in liquid pool in form of bubbles. This simple 
phenomenon of gas entrainment is widely observed in nature and bears great 
industrial significance. For example oceans absorb atmospheric gases including 
human generated CO2 emissions by plunging breaking water waves (Chanson 
et al., 2006). The same mechanism of air entrainment is responsible for 
formation of long bubbly wakes behind naval ships by breaking bow waves. 
This bubbly flow alters flow hydrodynamics around the ship and produces 
unintended acoustic and optical signatures (Moraga et al., 2008). Extensive 
research on plunging jets is also driven by an important application in nuclear 
industry. During loss of a coolant accident (LOCA) in a nuclear power plant, 
Emergency Core Cooling (ECC) is activated. In the process of ECC a cold 
water jet is injected in a cold leg partially filled with hot water and steam. 
Plunging cold water jet entrains steam which subsequently affects cold and hot 
water mixing. It is important to understand the cold and hot water mixing 
because this mixed water is used to cool reactor pressure vessel. Undesirably 
cold water may result in high thermal loads at reactor pressure vessel wall and 
affect its integrity (Schmidtke et al., 2009). 
Plunging liquid jets have also been demonstrated as an efficient gas liquid 
contacting device (Atkinson et al., 2003). Plunging jet based systems are in use 
as chemical or biological reactors. Bin (1993), in his review article demonstrated 
that plunging liquid jet based downflow bubble columns have higher gas 
transfer efficiency than conventional bubble columns and stirred tanks. Due to 
this favourable property plunging jet based downflow bubble columns have 
been used in the areas of mineral flotation, wastewater treatment and other 
chemical industries. Jameson Cell is a widely used flotation unit based on this 
concept (Tasdemir et al., 2007).  
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Figure 1-1 Confined Plunging Liquid Jet System 
  
Figure 1-2 Plunging Liquid Jet System 
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Application of a confined plunging liquid jet system (CPLJ) in waste water 
treatment and lake destratification is the area of investigation for present work. 
In a CPLJ system, as shown in figure 1-1, jet is allowed to fall in a narrow space 
of liquid. This leads to an increase in penetration depth of bubbles over 
conventional plunging jet systems, figure 1-2. Before proceeding to further 
discussion, it is important to understand the process of lake destratification.  
1.1.1 Lake Destratification  
During summers, lakes are often thermally stratified in three layers, warm upper 
layer (Epilimnion), thin middle layer (Metalimnion) and bottom cold layer 
(Hypolimnion), see figure 1-3. Warm upper Epilimnion layer is rich in nutrients 
and receives sufficient amount of sun light in summer to promote algal growth. 
Moreover, as the wind blows during summers water in Epilimnion layer is mixed 
well, which ensures that oxygen rich water from surface is transported 
throughout the Epilimnion layer. However, wind head is often not enough to 
move the cold water in Hypolimnion, which leads to negligible supply of oxygen 
to this layer. Over summer, limited amount of the oxygen contained in the 
Hypolimnion layer is gradually consumed by aerobic bacteria and other living 
animals.  
Most of the nutrients are contained in the lake bottom (Hypolimnion), so lack of 
mixing in whole lake also means that nutrients can not be supplied to 
Epilimnion. Hence, Epilimnion has limited amount of nutrients at the beginning 
of summer, which are consumed over summer to promote algal boom. As the 
nutrients in Epilimnion dwindle, large destruction of algae may occur, which 
settles as organic matter at the bottom. Since most of the oxygen in 
Hypolimnion has already been consumed, this extra organic matter may lead 
the lake to anoxic condition, where anaerobic bacteria may start to decompose 
the organic matter leading to generation of harmful gases such as H2S 
(Hydrogen Sulfide) and NH3 (Ammonia). Lack of oxygen and presence of 
harmful gases may lead to destruction of aquatic life and in fact whole 
ecosystem in lower part of lake may be affected. 
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Figure 1-3 Stratification in a lake 
In such cases an artificial destratification of lake is often recommended. 
Commonly, mechanical pumping technique or bubble curtains are applied.  
Recently, bubble curtains have emerged as a favourable technology. In bubble 
curtain technique, compressed air is injected in to the lake bottom through an 
air diffuser. Rising air bubbles entrain the water and lift it to the lake surface, 
resulting in large scale water circulation which not only breaks stratification but 
also performs aeration. However, this technology is cost prohibitive due to high 
initial investments and operating costs. Michele and Michele (2002) proposed a 
free jet submerged in lake for promoting artificial destratification. This liquid jet 
can transfer the oxygen enriched water from surface of the lake to the 
Hypolimnion. It is believed to be energetically more attractive than bubble 
curtains as it involves pumping of water which is mechanically more efficient 
than air-compression process. However, using free jet for destratification will 
require considerable operation time as aeration is dependent on recirculation of 
natural oxygen rich surface water, which is a slow process. A CPLJ system 
combines the strength of both these systems and offers a better prospect. It can 
not only provide aeration and destratification of the lake by dispersing the 
entrained air in the Hypolimnion Layer (same as bubble curtains) but also 
transfer the oxygen enriched warm water from surface of the lake to the cold 
Hypolimnion (same as free liquid jet), leading to considerably faster 
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destratification than bubble curtains or the free liquid jet. Similar requirements 
also exist in waste water treatment plants, where waste water containing a large 
amount of organic matter is needed to be aerated for removal of the organic 
content by oxidation process. 
Apart from the above mentioned advantages, CPLJ based systems offer other 
benefits too. It has already been demonstrated to be more efficient for waste 
water aeration than conventional bubble columns and stirring devices (Bin, 
1993). A CPLJ system does not require any compressor or stirring devices, 
leads to a closed loop hydraulic system, which is easier to operate and 
maintain. Since bubbles move against their buoyancy, in these systems gas 
residence time is considerably higher than conventional systems. 
1.2 Thesis Objectives 
A single CPLJ system is a base unit for the above mentioned applications. 
Successful design of a CPLJ based lake destratification or waste water 
treatment system will not be possible without detailed understanding and ability 
to predict the oxygen mass transfer and hydrodynamic behaviour of the flow. 
Present work serves as a first step towards these goals. In this study, our 
objective is experimental and numerical characterization of a confined plunging 
liquid jet system, as shown in figure 1-1. Focus of numerical analysis has been 
turbulent, Euler-Euler two-fluid multiphase flow simulation of bubble plume 
dispersion.  
There is a systematic lack of quantitative data on plume extents (width and 
depth). Bubble plume size in a CPLJ system is expected to be affected by 
nozzle diameter (DN), jet length (HN) and water flow rate. Therefore, on 
experimental front, our objective has been quantification of effect of these 
parameters on bubble plume profiles and water flow field, through High Speed 
Camera Photography and Particle Image Velocimetry (PIV). For more clarity, 
key objectives are listed below: 
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 Development of a confined plunging liquid jet setup for conducting PIV 
and high speed camera experiments 
 Experimental assessment of effect of change in inlet water flow rate, jet 
height and nozzle diameter on water flow field around bubble plume 
through PIV technique 
 Development of image processing programs in MATLAB for 
segmentation of bubble plume boundaries in high speed camera 
photographs 
 Experimental analyses of effect of change in inlet water flow rate, jet 
height and nozzle diameter on bubble plume width and depth, through 
high speed camera photography and digital image processing. 
 CFD simulation of  bubble plume dispersion for the test case of 7 mm 
nozzle diameter, 100 mm jet length and 12.5 LPM water flow rate 
1.3 Physical Model 
  
Figure 1-4 Schematics of air entrainment in a downcomer 
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Exact physical mechanism of air entrainment by a plunging jet is still unclear. 
Yet, it is known that the phenomenon of air entrainment involves wide range of 
length scales varying from jet surface instabilities (few hundred micrometers in 
our case) to system length scale (around 0.5 m for our case). Time resolution 
can be as low as few hundred microseconds for resolving air entrainment 
phenomenon at the air-water interface.  
As the jet impinges in water, very small bubbles are generated and a distinct 
biphasic conical zone is formed which expands to meet downcomer pipe walls 
(Evans and Machniewski, 1999), figure 1-4. This conical zone from point of 
impingement to the position where it meets pipe walls is known as mixing zone. 
After mixing zone, a uniform air-water two phase flow (also known as uniform 
pipe flow) is established where bubbles move downward under water velocity 
and escape from the downcomer into outer pool. Figure 1-5, a high speed 
camera photograph at the impingement point obtained during experiments 
substantiates above thesis. Here, a biphasic conical zone and commencement 
of uniform pipe flow can be clearly observed. Around biphasic conical zone 
some large bubbles tend to rise to surface and a re-circulatory pattern, as 
shown in figure 1-4 is generated. 
  
Figure 1-5 High speed camera photograph at plunging point 
8 
1.4 Literature Review 
Mechanism of air entrainment by a liquid jet plunging in a liquid pool has been 
investigated by many authors. However, there is no conclusive information 
available about the mechanics of air entrainment at the impact point. Despite 
this, previous studies have successfully identified key parameters involved in 
the process of air entrainment. Early publications in this area showed that air 
entrainment occurs when liquid velocity exceeds a minimum critical velocity 
value (Ervine and Elsawy, 1975, Cummings and Chanson, 1999 and Danciu et 
al., 2009). For a given liquid-gas interface, apart from physical properties of the 
gas and liquid, air entrainment rate is mainly controlled by jet surface 
turbulence, nozzle geometry, jet length and liquid flow rate (Van de Sande and 
Smith, 1976, Lin and Donnelly, 1966). Oguz (1998) showed that maximum 
bubble size is correlated to jet surface disturbance. He found maximum bubble 
size to be 1/4 of the jet surface disturbances. Bin (1993) published a 
comprehensive review on plunging jets detailing various mechanisms of air 
entrainment and empirical correlations of bubble size, plume penetration depth, 
and air entrainment rate. Ohkawa et al. (1986) proposed that if a liquid jet is 
allowed to plunge in a confined space, e.g. a tube of 4-6 times diameter of 
nozzle, then sufficient liquid flow velocity can be obtained in downward direction 
in the tube to overcome buoyancy forces on the bubbles and bubble penetration 
depth can be increased. Subsequently various studies probing the confined 
plunging liquid jet bubble columns have been published, where pressurized gas 
is externally supplied to the downcomer through an air inlet and liquid to gas 
flow rate is independently controlled (Atkinson et al., 2003 and Majumder et al., 
2005). Contrary to the setup used in those studies, in present study and in the 
work of Ohkawa et al. (1986) gas is entrained naturally by a plunging jet and no 
external gas compressor is needed. Ohkawa et al. (1986) also demonstrated 
that for same nozzle liquid velocity (VN), diameter of nozzle (DN) and free jet 
length (distance from the nozzle to free surface of liquid, HN) gas entrainment 
rate is higher in a CPLJ system than in an ordinary plunging liquid jet system. 
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Deswal (2007) obtained volumetric oxygen transfer coefficient by conducting 
aeration studies on a deoxygenated water pool. He showed plunging liquid jet 
system to have higher oxygen transfer efficiency (kg O2/kWh) than turbine 
agitators and small and large bubble size dispersers (bubble curtains). 
Recently, Botton and Cosserat et al. (2009) published oxygen mass transfer 
studies on a gas-liquid contacting system similar in spirit to that of Ohkawa et al. 
(1986). They found plunging jet aerator to provide higher volumetric gas-liquid 
mass transfer coefficient for same input power per unit volume of liquid than 
conventional gas-liquid stirred tanks and bubble columns. 
Contrary to numerous studies reported on experimental analysis of a plunging 
jet system, there have been very few numerical studies. It is only recently that 
developments in Computational Multiphase Flow have started to achieve a level 
that such complex turbulent multiphase flow problems can be investigated. 
Readers are referred to studies investigating CFD simulation of air-water flow in 
bubble columns (Akhtar et al., 2006, Becker et al., 1994, Becker et al., 1999, 
Rampure et al., 2007, Ranade and Tayalia, 2001, Sokolichin and Eigenberger, 
1994 and Ali et al., 2008). Sanyal et al. (1999) presented a comprehensive 
study on simulation of bubble column reactors using CFD software Fluent. 
Bravo et al. (2007) discussed potential of commercially available CFD codes for 
simulation of bubble plumes. Chen et al. (2005) discussed application of 
population balance modelling in three dimensional simulation of a bubble 
column. 
Ma et al. (2010) developed a sub-grid air entrainment model for prediction of the 
rate of air entrainment. They implemented this sub-grid air entrainment model 
as a source term in bubble population balance equation in a RANS type two-
fluid Euler-Euler CFD code. They obtained close agreements with 
corresponding experimental results of time and circumferentially-averaged void 
fraction distributions reported by Chanson et al. (2002) and Chanson et al. 
(2004). Schmidtke et al. (2009) tested impact of various drag models on air void 
fraction and discussed various approaches for modelling air entrainment by a 
plunging jet. Krepper et al. (2011) also performed two-fluid Euler-Euler 
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simulation of liquid flow field generated by a plunging water jet and assessed its 
impact on fibre transport in a sump. 
1.5 Contribution to the Knowledge 
 First known experimental study of water flow field around bubble plume 
in a CPLJ system through PIV technique 
 First known quantitative study of impact of change in inlet water flow rate, 
HN and DN on bubble plume extents using high speed camera 
photography and digital image processing. 
 Contribution of image processing algorithms for bubble plume boundary 
detection in high speed camera images 
 Numerical simulation of bubble plume dispersion in a confined plunging 
liquid jet system using commercial CFD software ANSYS CFX 12.1.  
1.6 Summary of the Thesis 
Thesis has been broadly divided in Experimental and Numerical work. In 
Chapter 2, detailed information about factors involved in design of the 
experimental set up and test matrices has been provided. In Chapter 3, PIV flow 
field measurements around bubble plumes have been presented. High speed 
camera observations and digital image processing algorithm for segmentation 
of plume boundaries have been discussed in Chapter 4. It presents time 
averaged bubble plume profiles for different test cases. Methodology of CFD 
simulation and reconciliation of CFD results with high speed camera 
observations and PIV experiments have been discussed in Chapter 5. Finally, 
Chapter 6 presents recommendations for future work.
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2 Experimental Setup and Test Matrix 
2.1 Introduction 
Experimental setup prepared during present work is shown in Figure 2-1. Three 
main objectives were established for setup design, 1) ability to vary distance 
from nozzle exit to free surface of water (HN), 2) facility to allow use of nozzles 
of variable diameter and 3) ability to vary water flow rate and hence nozzle 
water velocity (VN). 
 
Figure 2-1 Experimental Setup 
The setup consists of a transparent acrylic rectangular water tank, as shown in 
Figure 2-2. Based on the work done by previous investigators (Danciu et al., 
2009, Schmidtke et al., 2009 and Krepper et al., 2011), tank length, breadth and 
height are decided to be 520 mm, 520 mm and 760 mm. It was prepared by 10 
mm thick transparent acrylic sheets, glued together by TENSOL 12 acrylic 
cement.  
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Figure 2-2 Detailed CAD Drawing of Setup 
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Inner dimensions of the tank were, length = 500 mm, breadth = 500 mm and 
height = 750 mm. An exit nozzle of 25.4 mm was provided at the bottom of the 
tank. The exit nozzle was connected to inlet port of 0.37 kW, stainless steel 
centrifugal water pump. Outlet of the pump was connected to a Globe Control 
Valve, which facilitated variation of water flow rate. The control valve was 
connected to an acrylic inlet nozzle through a Turbine Flow Meter made 
available by Cross Instrumentation, USA. Least count of flow meter was 0.01 
LPM. Nozzle length to diameter ratio is maintained above 40 for all test cases to 
ensure that flow is fully developed at the nozzle exit. Nozzle is connected to the 
downcomer through a rubber cork. 
 
Figure 2-3 Aluminium structure on the water tank 
The downcomer and nozzle are clamped on an aluminium profile structure 
provided at the top of the water tank, as shown in Figure 2-3. Components of 
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profile structure can be manipulated to locate downcomer at any position in XY 
and YZ plane. In a similar manner nozzle can also be moved in Z direction to 
achieve any height, HN from free surface of the water. In this work, nozzle and 
downcomer were centralized at centre of the rectangular tank, so that distance 
from sidewalls of the tank to centreline of the downcomer and the nozzle is 260 
mm, as shown in Figure 2-2. Water level was maintained at a height of 410 mm 
from bottom surface of the tank and downcomer was inserted 220 mm below 
the water level. Water tank with aluminium structures is kept on a support 
structure. Whole assembly is located in two big sumps to accommodate water 
leakage in case of a tank breakage or failure.  
The downcomer is a cylindrical acrylic tube of 40 mm outer diameter, 34 mm 
inner diameter with a height of 655 mm. Two square recesses of 20 mm×20 
mm, opposite to each other are provided in it at a height of 280 mm from the 
bottom of the downcomer. During air entrainment process air flows inside the 
downcomer through these two slots.  
2.2 Test Matrix 
Test matrices have been constructed to observe impact of change in inlet water 
flow rate, nozzle height from the free water surface (HN) and variation in nozzle 
diameter (DN) on flow hydrodynamics and bubble plume extents. Two circular 
nozzles of 7 mm and 10 mm diameters have been used during experiments. 
Test matrices are being shown below in the form of Tables 2-1 and 2-2. For 
each nozzle, HN is varied from 100 mm to 250 mm in steps of 50 mm. For each 
HN, water flow rate is varied from 7.5 LPM to 15.0 LPM in steps of 2.5 LPM. 
Table 2-1 Test Matrix 1 
Downcomer Diameter = 34 mm ID 
Nozzle Diameter = 7 mm ID 
Jet Length 
(mm) 
Water Flow Rate (LPM) 
100 7.5 10.0 12.5 15.0 
150 7.5 10.0 12.5 15.0 
200 7.5 10.0 12.5 15.0 
15 
250 7.5 10.0 12.5 15.0 
 
Table 2-2 Test Matrix 2 
Downcomer Diameter = 34 mm ID 
Nozzle Diameter = 10 mm ID 
Jet Length 
(mm) 
Water Flow Rate (LPM) 
100 7.5 10.0 12.5 15.0 
150 7.5 10.0 12.5 15.0 
200 7.5 10.0 12.5 15.0 
250 7.5 10.0 12.5 15.0 
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3 Flow Field around Bubble Plume: PIV Experiments 
3.1 Introduction 
Particle Image Velocimetry (PIV) is a whole-field flow measurement technique, 
which is widely used for velocity field estimation in single-phase flows. In this 
technique, flow is seeded with tracer particles and a laser light sheet is allowed 
to fall on the tracer particles in plane of investigation. Tracer particles scatter the 
incident laser light. An image of the illuminated particles is captured by a digital 
camera placed perpendicular to the light sheet. Two successive images are 
taken at a very short time interval. Each image is divided in to a number of 
interrogation windows. For each interrogation window a displacement vector is 
evaluated using statistical techniques such as Auto-correlation or Cross-
correlation. A detailed review on PIV can be found in Raffel et al. (2007).  
Application of PIV in air-water two-phase flow requires phase discrimination. 
Sridhar et al. (1991), Bröder and Sommerfeld (2002), and Lindken and 
Merzkirch (2002) published manuscripts detailing a combined Particle Image 
Velocimetry and Laser Induced Fluorescence (LIF) technique which is also 
known as PIV/LIF. This technique allows separation of velocity information of air 
and water phases. A detailed description of the PIV/LIF method which has been 
utilized in present study can be found below.  
 
Figure 3-1 Laser flares generated by bubbles 
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Figure 3-2 Shadows behind bubbles due to light sheet refraction and 
reflection at bubble surfaces 
3.2 PIV/LIF Technique 
Conventionally for liquid velocity measurement sliver coated hollow glass 
spheres or Polystyrene spheres are used. These tracer particles scatter light at 
the wavelength of the incident laser. In a dispersed air-water flow, flow space is 
marked by abrupt changes in optical properties at bubble-water interfaces. 
During PIV investigation, the laser light sheet is strongly refracted and reflected 
at the bubble surfaces. It results in laser flares in recordings (see figure 3-1), 
and decrease in light sheet intensity behind the air bubbles (as shown in figure 
3-2). Moreover, laser light reflected by bubbles can directly fall on camera CCD 
sensor and damage it. A PIV/LIF system avoids these difficulties by using 
fluorescent dye coated tracer particles, and a corresponding optical high pass 
filter in front of the camera. For example, in present work 20-50 µm Rhodamine 
B coated PMMA (Polymethyl methacrylate) particles have been used. For these 
tracer particles, maximum absorption occurs at an incident wavelength of 540 
nm which is close to 532 nm wavelength of the laser light used in the current 
study (LaVision GmbH, 2006). Hence, tracer particles efficiently absorb laser 
light and emit photons at a wavelength greater than 532 nm with a fluorescence 
maximum at 625 nm. The recording Camera is equipped with a fluorescence 
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edge filter designed for Rhodamine B dye. It cuts off wavelengths lower than 
540 nm and provides more than 80% transmission efficiency for light in the LIF 
emission range, as shown in figure 3-3 (LaVision GmbH, 2009). Contrary to 
particles, bubbles scatter light at the laser wavelength which is cut off by the 
edge filter. Hence, present PIV/LIF system separates signals from air phase 
and contains data for only water velocity measurement. 
 
Figure 3-3 Transmission-Wavelength graph of Fluorescence Edge Filter 
(Source: LaVision GmbH, 2009) 
3.3 PIV System 
Experimental setup, as shown in figure 3-4, employed a 532 nm Nd:YAG laser. 
Light beam from laser box was converted into a 1-1.5 mm thick light sheet by a 
spherical and cylindrical lens combination. Particle images were recorded by a 
Kodak Mega Plus ES1.0 camera having 1016×1008 pixel resolution. Camera 
CCD sensor was 9.16 mm wide and 9.07 mm high. Physical pixel size was 9 
µm. A 50 mm (focal length) Nikkor lens was used as the camera optics. Image 
acquisition and laser control was done through the FlowManager software, 
provided by Dantec Dynamics. Laser light sheet was carefully adjusted 
perpendicular to the east wall of the water tank by ensuring the same distance 
of 260 mm on east and west walls from the south wall of the tank. It also 
ensured that light sheet is centralized. Flow was incessantly seeded until 6-9 
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particles were observed in most of the interrogation windows, figure 3-5. In 
order to maintain a mean particle separation greater than 0.1 pixel and less 
than a quarter of interrogation window size, pulse separation time between two 
recordings was varied between 14-30 ms for different test cases (LaVision 
GmbH, 2002).  For Test Matrix 1, irrespective of HN, a time difference of 14 ms 
was used for the flow rate of 10.0, 12.5 and 15.0 LPM and 20 ms for the flow 
rate of 7.5 LPM. For Test Matrix 2, a time difference of 30 ms was used for the 
flow rate of 7.5 LPM, 25 ms for the flow rate of 10.0 LPM, 20 ms for the flow 
rate of 12.5 LPM and 15 ms for the flow rate of 15.0 LPM. Since laser light 
sheet was adjusted in the plane of symmetry, therefore out of plane 
displacement of particles can be assumed to be negligible. Light sheet is not 
available beyond bubble plume, therefore only right side of the bubble plume is 
investigated with an area of investigation of 230 mm×230 mm, as shown in 
figure 3-4. 
3.4 Experimental Procedure 
Experiments were performed as per the test matrices provided in the Tables 2-1 
and 2-2, in chapter 2. For each test case 840 image pairs were acquired in 12 
experimental runs. In each experimental run 70 image pairs were recorded in a 
continuous mode at an operating frequency of 15 Hz. After completion of a test 
run, flow was stopped and 5-10 minutes were consumed in preparation of the 
experimental setup for new test condition. This often resulted in sinking of a 
considerable number of particles under gravity to the bottom of the tank. Hence, 
before starting an experiment particles were stirred and adequate time was 
allowed for flow to achieve natural test conditions before recording was 
commenced. In most test conditions due to stirring action of re-circulating water, 
particles remained suspended in water after being stirred. 
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Figure 3-4 PIV Experimental Setup 
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Figure 3-5 Illuminated particles in a typical 32×32 pixel interrogation 
window pair 
3.5 Data Processing 
Experimental recordings were converted into IMX format and processed in 
LaVision DaVis 6.2 Software. Figure 3-6 in left hand side shows a captured PIV 
recording for the test case of 7 mm nozzle diameter (DN), 100 mm jet length 
(HN) and 12.5 LPM water flow rate. It can be observed that a considerable area 
in the PIV recording is marked by presence of bubbles. It was important to mask 
the area occupied by air bubbles before PIV vector processing can be 
implemented. Therefore, recordings of all the test cases were rigorously 
analyzed and masks were developed in MATLAB. One such mask for the above 
mentioned test case is shown in figure 3-6. 
 
Figure 3-6 A PIV recording for the test case of 7 mm DN, 100 mm HN and 
12.5 LPM water flow rate and corresponding mask 
For PIV vector calculations, at first images were preprocessed by subtracting a 
sliding background with a scale length of 20 pixels. It filters out large spatial 
fluctuations in image intensity and generates an image with approximately 
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constant background level. An adaptive multi-pass algorithm with reducing 
window size from 64×64 to 32×32 pixels was utilized. For initial window size of 
64×64 pixels, 2 iterations were performed. In first iteration, PIV evaluation leads 
to a reference vector field which is used as a high-confidence window shift for 
the second iteration. This facilitates higher likelihood of correlating same 
particles even with smaller window sizes, which in turn improves the signal to 
noise ratio of correct correlation peak. For final window size of 32×32 pixels, 3 
iterations were performed.  A 50% window overlap in final pass led to an 
effective grid spacing of 16 pixels. For vector evaluation, second order, fast 
standard FFT-Correlation with deformed interrogation windows was used.  
In order to achieve sub-pixel accuracy, DaVis uses three-point Gaussian peak 
fit which requires particle image diameter to be maintained slightly greater than 
2 pixels. This criterion was satisfied as most of the particles in captured images 
were found to be greater than 2 pixels. For adaptive multi-pass, a relative vector 
range restriction of reference displacement vector±(interrogation window size)/4 
and an absolute vector range restriction of reference displacement ±20 pixels 
was used. In order to remove spurious vectors, results were post processed in 
each pass and vectors with peak ratio less than 1.3 were removed. Median filter 
with strongly remove and iteratively replace option was used to remove groups 
of spurious vectors. For each vector, median filter computes the median of 8 
surrounding vectors and keeps the central vector if it lies within the range of 
median vector±(1.8×root mean square (rms) of neighbor displacement vectors). 
In second pass it removes those vectors which do not have 3 or more 
neighboring vectors left from first pass. In third pass all the good vectors are 
filled which fall in the range of median vector±(2.1×rms of neighbour 
displacement vectors). Finally, in fourth pass groups with less than 10 vectors 
are removed. 
Vector post processing was also performed with same median filter parameters 
as described above. In vector post processing, after removal of bad vectors all 
empty spaces were filled with new vectors by interpolation. It is important to 
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note that less than 1% vectors were needed to be filled by interpolation in all the 
cases. 
3.6 Uncertainty Analysis 
During PIV evaluation outlier and root mean square (rms) errors can be 
quantified. Outliers were eliminated by the conservative median filter discussed 
in data processing section. RMS error was quantified by the method proposed 
by Willert and Gharib (1991), which has been discussed in Ansari et al. (2009). 
In this method tank was first allowed to settle for 10 minutes. Then particle 
images were recorded at a very small pulse separation of 2 µs. Such small time 
difference and still water tank means that physical particle displacement can be 
confidently assumed to be zero. Hence, displacement values calculated for 
these recordings show random errors manifested by the evaluation algorithm. 
Seventy recordings were captured and processed to calculate the typical rms 
error of 0.08 pixel.  For the Test Matrix 1, rms error of 0.08 pixel translates to an 
rms error of 0.0013 m/s for the flow rates of 15.0 LPM, 12.5 LPM, 10.0 LPM and 
0.0009 m/s for the flow rate of 7.5 LPM. For the Test matrix 2, it leads to an rms 
error of 0.0012 m/s for the flow rate of 15.0 LPM, 0.0009 m/s for the flow rate of 
12.5 LPM, 0.0007 m/s for the flow rate of 10.0 LPM and 0.0006 m/s for the flow 
rate of 7.5 LPM. 
Apart from these errors, small random vibrations of experimental setup, spatial 
error of 1-3 mm in perfectly locating the downcomer at the center of the square 
tank, small errors in vertical alignment of downcomer and variation in water flow 
rate of ±0.1 LPM also contributed to overall error in PIV recordings. However, it 
is difficult to quantify the impact of these errors. 
3.7 Results and Discussion 
Ensemble Averaged velocity field for the test case of 7 mm DN, 100 mm HN and 
12.5 LPM water flow rate is shown in figure 3-7. Such ensemble averaged water 
velocity fields have been compiled for all the test cases, as per the Tables 2-1 
and 2-2, in Appendix A.  
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Figure 3-7 Ensemble averaged water velocity field for 7 mm DN, 100 mm HN 
and 12.5 LPM water flow rate 
 
Figure 3-8 Coordinate system  
Figure 3-9 Flow field from CFD result 
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In figure 3-7, x = 0 denotes centerline of the downcomer, while z = 0 is located 
at the free water surface. Positive Z direction is from free water surface towards 
the bottom of the tank. Coordinate system is shown in figure 3-8. PIV 
experiments capture only a partial part of the flow field. So, in order to explain 
flow field more clearly, this result is being discussed with CFD results from 
Chapter-5, figure 3-9. From figure 3-7 and 3-9, it can be observed that close to 
the bubble plume, water is entrained in the plume and lifted upwards. At the free 
water surface, the air lifted water turns towards the tank wall and returns in 
downward direction close to the wall. It results in a large scale circulatory 
feature. A partial part of this circulatory feature has been captured in the PIV 
area of investigation (as shown in top right), in figure 3-7.  
In present work, PIV experiments were conducted with dual objectives of 
generating data for validation of CFD models, and to investigate the effect of 
change in water flow rate, HN and DN on air-lifted water flow field. 
3.7.1 Effect of change in water flow rate 
During experiments, water flow rate was increased from 7.5 LPM to 15 LPM in 
steps of 2.5 LPM, while maintaining same HN and DN. Figure 3-10 to 3-13 show 
the water flow field for 100 mm HN and 7 mm DN. It can be observed that with 
increase in water flow rate, water velocity around bubble plume increases in the 
upward direction. This phenomenon can be explained by the fact that with rise 
in water flow rate, bubble plume outside the downcomer tube increases in size. 
Larger plume means increased air hold-up or presence of more bubbles at any 
instant of time. Greater amount of air bubbles result in higher buoyancy forces 
on the surrounding water which leads to increased water velocity in the upward 
direction. This trend has been observed in all the test cases. 
This conclusion is important for application of a CPLJ system in lake 
destratification. It shows that air lifted water velocity around bubble plume 
increases with rise in inlet water flow rate. Hence, a CPLJ system operating at a 
greater water flow rate would lead to faster destratification. 
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Figure 3-10 Ensemble averaged water velocity field for 7 mm DN, 100 mm 
HN and 7.5 LPM water flow rate 
 
Figure 3-11 Ensemble averaged water velocity field for 7 mm DN, 100 mm 
HN and 10.0 LPM water flow rate 
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Figure 3-12 Ensemble averaged water velocity field for 7 mm DN, 100 mm 
HN and 12.5 LPM water flow rate 
 
Figure 3-13 Ensemble averaged water velocity field for 7 mm DN, 100 mm 
HN and 15.0 LPM water flow rate 
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Figure 3-14 Ensemble averaged water velocity field for 7 mm DN, 150 mm 
HN and 15.0 LPM water flow rate 
 
Figure 3-15 Ensemble averaged water velocity field for 10 mm DN, 150 mm 
HN and 15.0 LPM water flow rate 
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3.7.2 Effect of Change in Jet Length (HN) 
Change in HN, while maintaining the same water flow rate and DN was not found 
to appreciably affect the water flow field around the plume (see Appendix A). It 
can be explained by the fact that change in HN does not appreciably affect the 
bubble plume extents. More discussion about independence of plume size with 
HN can be found in section 4.4.2. Water velocity field around a downcomer tube 
is contributed by the bubble plume. So, if bubble plumes are not affected by HN 
then so does the air lifted water flow field. 
3.7.3 Effect of Change in Nozzle Diameter (DN) 
With increase in nozzle diameter from 7 mm to 10 mm, bubble plumes were 
found to significantly decrease in size. It has been discussed in detail in section 
4.4.3. Due to the reduction in plume extents, water velocity field around plume 
is expected to significantly decrease with change in diameter from 7 mm to 10 
mm.  Figure 3-14 and 3-15 show the water velocity field for both the nozzles at 
150 mm HN and 15.0 LPM water flow rate. Water velocity vectors around bubble 
plume for 7 mm DN case are in the range of 0.08 to 0.1 m/s; while for 10 mm DN 
case, vectors are in the range of 0.07-0.08 m/s. Hence, as per expectation, 
water velocity field around the plume are indeed lower in 10 mm diameter jet. 
Similar trend was observed for other test cases too. 
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4 Visualization Experiments: Photographic Technique 
4.1 Introduction 
High Speed Camera observations were conducted to quantitatively analyze the 
impact of DN, HN and water flow rate on bubble plume boundaries in a CPLJ 
system. High speed camera photographs capturing full scale bubble plume 
were recorded and processed to obtain a time averaged plume profile for each 
test case. A Phantom v7.3 colour high speed camera from Vision Research Inc. 
was placed in front of the acrylic water tank (in a similar manner as that in PIV 
experiments). The water tank was illuminated from behind by a compatible 
halogen lamp. A diffuse paper was placed on back wall of the tank which is 
directly facing the lamp. It diffused incident light from the lamp and provided a 
uniform background. The Camera was equipped with a 50 mm (focal length) 
Nikon lens. It was focussed on the same plane of investigation as that in PIV 
experiments.  
 
Figure 4-1 A typical bubble plume 
image 
 
Figure 4-2 Background image 
A typical photograph of a bubble plume is shown in figure 4-1. Light emitted 
from the lamp was refracted and reflected at bubbles surfaces. Therefore, 
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bubbles appear darker in recordings while background is brighter. It is this 
difference in intensity levels which helps to segment out bubbles in images. 
4.2 Experimental Procedure 
Before recording the bubble plume, at first a background image was recorded, 
as shown in figure 4-2. Then flow was adjusted to the desired flow rate by the 
globe control valve. Subsequently, two to three minutes were allowed before 
6000 images were recorded at a frequency of 50 FPS in two batches of 3000 
frames each. Exposure time was adjusted to 500 𝜇s. Acquisition control was 
done through the Phantom Camera Control Software v675.2 from the Vision 
Research Inc. Experiments were conducted in a continuous manner without 
disturbing the camera. Image calibration was done by recording image of a ruler 
in the plane of investigation. Image resolution was found to be 1.1 pixel/mm. In 
this manner recordings were made for all the test cases (Tables 2-1 and 2-2).  
4.3 Image Processing Algorithm for Bubble Plume Boundary 
Detection 
The acquisition software saved recordings in a cine file format. For a test case 
two cine files were saved. Using Phantom Cine Viewer 675 software made 
available by the Vision Research Inc., these cine files were converted to four 
Multipage Tiff files, each consisting of 1500 images. A code (see Appendix B) 
was developed in MATLAB which decoupled the Multipage Tiff files in to 
individual images files. After splitting all 6000 image frames, plume boundary 
detection program was executed. MATLAB code for plume boundary detection 
has been provided in Appendix B. The algorithm for plume boundary detection 
is being explained below. 
At first, first frame image (Figure 4-1) and the background frame image (Figure 
4-2) were read in MATLAB through Image Processing Toolbox. Since, the 
plume images and the background image were in colour file format (RGB), so 
these images were converted to greyscale images. Subsequently, 
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complemented background image was subtracted from the complemented first 
frame image to achieve figure 4-3.  
 
Figure 4-3 Subtracted image 
The subtracted image was cropped out to remove unnecessary air space at top. 
In cropped image, figure 4-4, top pixel line corresponds to free water surface. 
Considerable amount of bubble present close to the free water surface add 
noise during plume boundary detection. Therefore a portion of the top region 
was masked out by setting intensity values of pixels to 0 in that region, as 
shown in figure 4-5. Figure 4-6 shows histogram of intensity values of the image 
in figure 4-5. It can be seen that intensity levels below 10 belong to the 
background, while above 15 belong to bubbles. This difference in intensity 
levels of background and bubbles is exploited for segmentation of the bubble 
plume. The image in figure 4-5 was converted in a black and white image with a 
threshold of 15/256. Figure 4-7 shows the segmented bubble plume. 
Implementation of boundary detection algorithm at this stage would have led to 
detection of many boundaries. Therefore, the thresholded bubble plume was 
further processed. It can be observed in figure 4-7 that some bubbles are 
present very close to the plume. As a first step of the processing, a criterion was 
established to count these bubbles in the plume. 
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Figure 4-4 Subtracted image with air 
space cropped out 
 
Figure 4-5 Image from figure 4-4 
after masking out top region  
 
Figure 4-6 Histogram of intensity values of the image in figure 4-5 
If bubbles were dispersed less than 18 pixels (~16 mm) from the plume or from 
the nearest bubble (which was already established a part of the plume) then 
they were counted in the plume. Frames containing bubbles which are 
dispersed more than 18 pixels were negligible (<1%) in any test case. This 
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criterion was important to establish as we are interested in bubble plume only. 
Highly strayed random bubbles would erroneously tend to affect the ensemble 
averaged bubble plume profile. 
 
Figure 4-7 Segmented bubble plume  
 
Figure 4-8 Bubble plume after 
dilation and erosion process 
To realize this criterion the image in figure 4-7 was dilated and eroded with a 
disk shaped filter of 9 pixels radius. Figure 4-8 shows product of the dilation and 
erosion process. Then all the holes in the eroded image were filled. 
Subsequently, the image was further eroded with a disk filter of 8 pixels radius 
to remove any spurious white pixels present around the plume. This eroded 
image was reconstructed with the image available after filling of holes. Figure 4-
9 shows the reconstructed image. In this image, white pixels correspond to 
bubble plume and boundaries for only one object is needed to be detected. 
Subsequently, boundary detection algorithm was implemented through 
‘bwboundaries’ function in Image Processing Toolbox. The detected boundary 
of the plume has been plotted in figure 4-10 over original unprocessed image to 
show accuracy of the boundary detection process. It can be observed that 
plume boundary is being detected fairly sharply. During processing, program 
sequentially stored detected boundaries for all 6000 frames, which were later 
manually inspected for accuracy. 
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Figure 4-9 Reconstructed bubble 
plume 
 
Figure 4-10 Detected boundary 
plotted over unprocessed image 
The detected plume boundary was divided in two parts, left and right hand side 
contours. The boundary coordinates were saved only up to the end of the 
downcomer tube. This process was performed on all 6000 images. Left and 
right hand side coordinates were stored for all the images in two separate 
multidimensional arrays. Later, left and right hand side coordinates were 
processed for computation of ensemble average and rms (root means square) 
values. Pixel coordinates of average and average±rms coordinates were 
transformed from image space (pixel values) to coordinate space as shown in 
figure 4-11. MATLAB code for transformation to the coordinate space can be 
found in Appendix B. In coordinate space, downcomer centreline represent Z 
axis with origin at the bottom of the tank and positive Z direction towards the 
free water surface. X axis is in the horizontal right direction. Figure 4-11 shows 
the ensemble averaged bubble plume profile for the test case of 7 mm nozzle 
diameter (DN), 100 mm jet length (HN) and 12.5 LPM water flow rate. Two 
continuous black lines in figure 4-11 represent the downcomer. Such plots have 
been compiled for all the test cases in Appendix C, titled ‘Time Averaged 
Bubble Plume Profiles’.  In the process of acquisition, detection of plume 
boundaries and transformation to the coordinate space, errors of 1-3 mm can 
be expected in ensemble averaged plume boundaries.   
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Figure 4-11 Ensemble averaged bubble plume profile for the test case of 7 
mm nozzle diameter (DN), 100 mm jet length (HN) and 12.5 LPM water flow 
rate 
4.4 Results and Discussion 
4.4.1 Impact of Change in Water Flow Rate 
In Test Matrix 1 and 2, water flow rate to the inlet nozzle was increased from 7.5 
LPM to 15.0 LPM while maintaining same HN and DN. Starting from a zero water 
flow rate, initially no air entrainment was observed until a critical velocity is 
reached. As the water flow rate was increased further, continuous air 
entrainment was observed in the downcomer. However, air bubbles did not 
breakthrough the downcomer in to the outer water pool until flow rate became 
sufficient enough that, downward moving water in the downcomer tube was 
able to overcome buoyancy forces on bubbles. Figure 4-12 shows a photograph 
for the test condition of 7mm DN, 25 cm HN and 7.5 LPM water flow rate and 
38 
figure 4-13 shows the time averaged bubble plume profile for this test case. It 
can be observed that 7.5 LPM water flow rate is not sufficient enough to drag 
the bubbles out of the downcomer. Bubbles present inside the downcomer tube 
occupy space therefore water in downcomer tube was lifted and it was found to 
flow out of the square recess.  
 
Figure 4-12 A snapshot for DN = 7mm, HN = 250 mm, Water Flow Rate = 7.5 
LPM 
 
Figure 4-13 DN = 7mm, HN = 250 mm, Water Flow Rate = 7.5 LPM 
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In figure 4-13, time averaged bubble plume profile is slightly disturbed around Z 
= 210 mm. An explanation can be provided by the fact that, in considerable 
number of frames bubble plume inside the downcomer tube is not penetrating 
beyond this position. In the absence of plume, wrong contours were detected 
after Z = 210 mm, which resulted in an error in averaged and rms plume 
boundaries.  
 
Figure 4-14 Plume profiles for 10.0, 12.5 and 15.0 LPM flow rate (at DN = 
7mm, HN = 250 mm) 
As the water flow rate was increased beyond 7.5 LPM, continuous flow of air 
was observed in the outer pool. Figure 4-14 shows plume profiles for 10.0, 12.5 
and 15.0 LPM flow rate (at DN = 7mm, HN = 250 mm). It can be observed that 
with increase in water flow rate, plume boundaries increase in width. Ohkawa et 
al. (1986) showed that increase in water jet velocity leads to a higher air 
entrainment rate in a downcomer tube. Hence, in present case with increase in 
water flow rate, a greater amount of air is being entrained. At the same moment 
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water flow velocity in the downcomer tube is increasing to a level that it is able 
to drag more and more air bubbles in to the outer pool. Hence, at higher water 
flow rates a larger amount of area can be aerated outside the downcomer tube. 
Similar trend of increase in bubble plume width with rise in water flow rate has 
been observed in all the test cases. Figure 4-15 shows the plume profiles for DN 
= 10mm, HN = 150 mm.  
 
Figure 4-15 Plume profiles for 10.0, 12.5 and 15.0 LPM flow rate (at DN = 
10mm, HN = 150 mm) 
In bubble profiles (figure 4-14), a small kink can be observed close to Z = 310 
mm. It was caused by an adhesive tape mark on the back wall of the acrylic 
tank, which resulted in noise during image processing and caused plume 
profiles to be slightly blurred in that region. In reality bubble plume profiles are 
rather smooth. It was removed later during experiments, so it will not appear in 
many test cases e.g., see figure 4-15. Similarly, boundary detection process 
becomes inaccurate close to the image borders, as a result of it, averaged 
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plume profile appear to be curved towards the downcomer tube at Z = 350 mm. 
It is a processing error. In reality plume profiles are smoothly diverging beyond 
Z = 350 mm to the free surface of the pool. Hence, averaged plume profiles 
beyond 350 mm should be neglected. 
4.4.2 Impact of Change in Jet Length (HN) 
 
Figure 4-16 Plume profiles for 100, 150, 200 and 250 mm Jet Length (at DN 
= 10mm, 15.0 LPM Water Flow Rate) 
For the same water flow rate and DN, jet gains greater momentum under gravity 
with increase in jet length. This gain in energy is expected to be utilized in 
moving more bubble out of the downcomer. So, bubble plume profiles were 
expected to be wider with increase in jet length. Figure 4-16 shows effect of 
change in jet height on plume profiles at DN = 10mm and 15.0 LPM Water Flow 
Rate. Results show that contrary to our expectation there is no monotonic 
relationship with HN. Figure 4-17 shows the results for DN = 10mm and 12.5 
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LPM Water Flow Rate. In this case bubble plume profiles are almost 
overlapping with each other. Same effect was observed for other test cases too, 
where irrespective of HN plume profiles were found to be approximately same. 
Similar results were reported by Danciu et al. (2009) for a plunging jet system 
where penetration depth of bubble plume was not found to be monotonically 
affected by HN. 
This phenomenon can be explained by the fact that with increase in HN two 
opposite effects play the role,1) jet momentum increases, 2) jet surface 
instabilities become more pronounced and therefore rate of air entrainment 
increases. So, increased jet momentum is counteracted by increased buoyant 
forces due to the presence of more bubbles. Hence, plume profiles are not 
being affected. 
 
Figure 4-17 Plume profiles for 100, 150, 200 and 250 mm Jet Length (at DN 
= 10mm, 12.5 LPM Water Flow Rate) 
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4.4.3 Impact of Change in Nozzle Diameter (DN) 
Increasing the nozzle diameter, while maintaining the same water flow rate and 
jet height (HN) resulted in significant reduction in plume extents, as shown in 
figures 4-18 and 4-19. Difference in plume extents was found greater at higher 
water flow rates. For the water flow rate of 15 LPM plume extents with DN = 7 
mm were found to be approximately 2-3 times, in width of plume extents for 10 
mm DN. Using the air entrainment rate (𝑄𝑎 ) correlation developed by Ohkawa et 
al. (1986), for the same downcomer diameter and height it can be shown that 
𝑄𝑎 ∝  𝑉𝐽
3𝐷𝑁
2 
0.8
 𝐷𝑁 
1.3 (4-1) 
 
Figure 4-18 Plume profiles for DN = 7 mm and 10 mm (at HN = 100 mm, 12.5 
LPM Water Flow Rate) 
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Figure 4-19 Plume profiles for DN = 7 mm and 10 mm (at HN = 100 mm, 15.0 
LPM Water Flow Rate) 
Neglecting the effect of jet length on jet velocity, 𝑉𝐽  can be approximated to be 
𝑉𝑁. Since, water flow rate is same, therefore 𝑉𝑁𝐷𝑁
2  is constant for both the 
nozzles. With this relation equation 4-1 can be reduced to 
𝑄𝑎 ∝  𝐷𝑁 
−1.9 (4-2) 
Hence increasing the 𝐷𝑁 from 7 mm to 10 mm will reduce the air entrainment 
rate by approximately 50%. It is expected that this reduced air entrainment rate 
results in lesser amount of air flow from the downcomer in to the outer pool, 
which is expected to reduce the plume extents. Moreover, 7 mm nozzle 
diameter jet has higher impingement velocity than 10 mm diameter jet. Hence, 
comparatively more intense mixing zone is formed in the case of 7mm jet. This 
stronger shear flow leads to generation of finer bubbles in the mixing zone. 
These finer bubbles experience lesser drag force and hence pulled down the 
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downcomer tube in to the outer pool more effectively. It results in greater air 
flow rate to the outer pool and greater plume extents for the 7 mm DN jet. 
However, this thesis is needed to be corroborated by bubble measurements in 
the mixing zone. Due to lack of instrumentation and time, it was not attempted 
in present work. In the end, an important conclusion is drawn that for the same 
HN and water flow rate plume boundaries increase in width with decrease in DN. 
It means that greater area outside the downcomer can be aerated with smaller 
diameter jet. 
4.4.4 Impact of Change in Water Flow Rate, Jet Length and Nozzle 
Diameter on Bubble Plume Depth 
 
Figure 4-20 Variation of bubble plume depth with water flow rate and HN 
for 7 mm DN 
Figure 4-20 shows variation of plume depth with water flow rate and HN for the 7 
mm (DN) jet. It can be seen that with increase in water flow rate the plume depth 
increases monotonically.   
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Results also show that at 250 mm HN and 7.5 LPM, bubble plume does not 
penetrate beyond the downcomer tube. It ratifies the time averaged bubble 
plume profile shown in figure 4-13, in section 4.4.1. With decrease in jet height, 
plume breaks through the downcomer tube at 7.5 LPM. Similar trend was 
observed with 10 mm (DN) jet, where plume is confined inside the tube at 250 
mm HN, as shown in figure 4-21. In these experiments water flow rate of 7.5 
LPM is close to the critical flow rate for bubbles to breakthrough the downcomer 
tube. Moving beyond the critical flow rate, for those test conditions where plume 
is distinctly present in the outer pool, plume depth is rather found to be 
unsystematically affected by the change in HN. In fact in many cases results 
were found to be overlapping, as shown in figure 4-20 and 4-21. 
 
Figure 4-21 Variation of bubble plume depth with water flow rate and HN 
for 10 mm DN 
Figure 4-22 shows the effect of change in nozzle diameter on plume depth. 
From results it is clear that with increase in DN, plume depth decreases 
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considerably. Differences in plume depths were found to be higher at greater 
flow rates. Increase in plume depth for smaller nozzle diameter jet is expected 
to be caused by formation of finer bubbles, which are more effectively pulled 
deeper in to the pool. 
 
Figure 4-22 Variation of bubble plume depth with, water flow rate, HN and 
DN 
4.4.5 Global Bubble Plume Dynamics 
In experiments plume was found to dynamically sway in transverse direction, as 
shown in figure 4-23. Similar dynamic bubble plumes have been observed by 
previous researchers in rectangular bubble columns. A detailed dynamic 
analysis of plume is out of the scope of the present work. However, rms of the 
geometric centre of the plume was evaluated. It serves as a measure of the 
plume fluctuations. Figure 4-24 shows its variation with height (Z) for one test 
case. It can be observed that with increase in Z, side by side or transverse 
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fluctuations of plume also increase. This similar trend can be observed in rms 
values of the left and right plume boundaries (Appendix C), where in all the test 
cases Average+rms values tend to grow with Z.  
 
Figure 4-23 Transverse fluctuations of bubble plume 
 
Figure 4-24 Variation of root mean square of the geometric plume centre 
for the test case of 7mm DN, 100 mm HN and 12.5 LPM water flow rate
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5 CFD SIMULATION OF BUBBLE PLUME DISPERSION 
5.1 Introduction 
Bubble plume dispersion in a CPLJ unit is a two-phase flow marked by 
presence of many interfaces. Mathematically such a flow can be defined as 
single phase areas separated by dynamic boundaries. Single phase differential 
balance equations can be applied to each of the single phase regions with 
appropriate jump and boundary conditions at the interfaces. Hence, theoretically 
a mathematical set of equations defining local behaviour of flow can be 
developed. Such a formulation is known as a local instant formulation. 
Mathematical and computational efforts required for achieving solution from a 
local instant formulation are prohibitively great. Hence, it is used as a base for 
developing simpler macroscopic field equations by appropriate averaging 
schemes. 
Mathematical difficulty in local instant formulation lies in high frequency motion 
of numerous dynamic interfaces. In this sense, averaging procedure removes 
interfaces and limits two phases occurring at a location sequentially by a co-
existing smooth continuum with probability of finding any phase at that location 
given by 𝛼𝑘 . 𝛼𝑘  is commonly known as local void fraction of the k
th  phase. CFD 
simulations in this work utilize two-fluid Euler-Euler model which is obtained by 
ensemble averaging of local instant field equations. Interested readers are 
referred to Ishii’s (2011) seminal work for more discussion on derivation of the 
field equations for the two-fluid model. 
5.2 Governing Equations 
The field equations for two-fluid model are given below: 
5.2.1 Mass Balance 
Conservation of mass for a phase k can be represented by: 
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𝜕
𝜕𝑡
 𝛼𝑘𝜌𝑘 + ∇ ∙  𝛼𝑘𝜌𝑘𝑈  𝑘 = 𝐼𝑘  (5-1) 
For air-water flow it leads to two mass balance equations, one for air phase and 
other for water phase. Both these equations are connected by interfacial mass 
transfer condition of  
 𝐼𝑘
2
𝑘=1
= 0 (5-2) 
where 𝐼𝑘  is an interfacial mass transfer term. In present case, air-water mass 
transfer was neglected therefore equation 5-2 was reduced to equation 5-3. 
𝐼𝑘 = 0 (5-3) 
5.2.2 Momentum Balance 
Field equations for conservation of momentum are as follows: 
𝜕
𝜕𝑡
 𝛼𝑘𝜌𝑘𝑈  𝑘 + ∇ ∙  𝛼𝑘𝜌𝑘𝑈  𝑘 ⊗ 𝑈  𝑘 
= −𝛼𝑘∇𝑝 − ∇ ∙  𝛼𝑘𝜏𝑘 + 𝛼𝑘𝜌𝑘𝑔 + 𝑀   𝑖𝑘  
(5-4) 
In equation 5-4, right hand side terms denote the effect of pressure gradient, 
laminar and turbulent shear stresses, gravity force and interfacial momentum 
transfer term, respectively. It is important to note the underlying assumption that 
at any point same pressure is shared by all phases. Using Boussinesq 
approach 𝜏𝑘  is provided by equation 5-5. 
𝜏𝑘 = −𝜇𝑒𝑓𝑓 ,𝑘(∇𝑈𝑘        +  ∇𝑈𝑘         
𝑇
−
2
3
𝐼(∇. 𝑈𝑘     )) (5-5) 
where 𝜇𝑒𝑓𝑓 ,𝑘  is the effective viscosity of the phase 𝑘 and 𝐼 is the identity tensor. 
Two momentum balance equations for air and water phase are connected by 
the interfacial momentum transfer condition of equation 5-6. 
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 𝑀   𝑖𝑘 = 0 (5-6) 
𝑀   𝑖𝑘 is also known as generalized drag force. It specifies the interfacial surface 
forces. It is a linear combination of interfacial drag force, lift force, wall 
lubrication force, virtual mass force and turbulent dispersion force, as given in 
equation 5-7. 
𝑀   𝑖𝐿 = −𝑀   𝑖𝐺 = 𝑀   𝐿
𝐷 + 𝑀   𝐿
𝐿 + 𝑀   𝐿
𝑊𝐿 + 𝑀   𝐿
𝑉𝑀 + 𝑀   𝐿
𝑇𝐷 (5-7) 
5.3 Generalized Drag Force Modelling 
Components of generalized drag force are provided by empirical correlations 
developed by many researchers over the years. In order to derive the 
correlations air phase is modelled as bubbles. Discussion of the models used in 
this work is provided below. 
5.3.1 The Drag Force 
Momentum exchange by drag force per unit volume can be written as equation 
5-8.  
𝑀   𝐿
𝐷 =
3
4
𝐶𝐷
𝛼𝐺𝜌𝐿
𝑑𝐵
 𝑈  𝐺 − 𝑈  𝐿 (𝑈  𝐺 − 𝑈  𝐿) (5-8) 
where 𝐶𝐷 is the drag coefficient, 𝛼𝐺 , gas void fraction, 𝜌𝐿, density of the liquid 
phase, and  𝑑𝐵, mean bubble diameter of the gas phase. 𝑈  𝐺  and 𝑈  𝐿 are velocity 
vectors for gas and liquid phase. Given the volume of a bubble (𝑉𝐵), mean 
bubble diameter is determined by equation 5-9. 
𝑑𝐵 =  
6𝑉𝐵
𝜋
3
  (5-9) 
Drag coefficient is dependent on particle Reynolds Number (𝑅𝑒𝐵 =
𝜌𝐿  𝑈  𝐺−𝑈  𝐿  𝑑𝐵
𝜇𝐿
). 
For Reynolds Number in viscous regime (𝑅𝑒𝐵 << 1), dispersed fluid particles 
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(bubbles) are spherical in shape. In this regime, the drag coefficient is provided 
by correlation proposed by Schiller and Naumann (1935, cited in Ali et al., 
2008), equation 5-10.  
𝐶𝐷(𝑆𝑝𝑕𝑒𝑟𝑒) =
24
𝑅𝑒𝐵
(1 + 0.15 × 𝑅𝑒𝐵
0.687)  (5-10) 
At larger Reynolds number particle shape distorts to an ellipsoid (distorted 
particle regime) and ultimately to a spherical cap shape. In spherical cap 
regime, drag coefficient is given by equation 5-11. 
𝐶𝐷(𝑐𝑎𝑝) =
8
3
 (5-11) 
In a CPLJ system bubbles were approximately spherical up to 1-2DC below the 
point of jet impingement. However, bubbles outside the downcomer tube were 
found to be larger and distorted in shape, as shown in figure 5-1. For distorted 
particle regime drag coefficient correlation developed by Grace (Clift et al., 
1978) was utilized. In this regime drag coefficient is strongly related to particle 
shape which is incorporated through Eötvös Number (equation 5-12) and 
Morton Number (equation 5-13). The drag coefficient is provided by equation 5-
14. 
 
Figure 5-1 A snapshot of bubbles outside the downcomer in water tank 
𝐸𝑂 =
𝑔 𝜌𝐿 − 𝜌𝐺 𝑑𝐵
2
𝜍
 (5-12) 
𝑀𝑂 =
𝑔𝜇𝐿
4 𝜌𝐿 − 𝜌𝑔 
𝜌𝐿
2𝜍3
 (5-13) 
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𝐶𝐷 𝑒𝑙𝑙𝑖𝑝𝑠𝑒 =
4
3
𝑔𝑑𝐵
𝑈𝑇
2
(𝜌𝐿 − 𝜌𝐺)
𝜌𝐿
 (5-14) 
where 𝜍 is the surface tension coefficient and 𝑈𝑇 is the bubble terminal velocity 
determined by equations 5-15 to 5-17. 
𝑈𝑇 =
𝜇𝐿
𝜌𝐿𝑑𝐵
𝑀𝑂
−0.149(𝐽 − 0.857) (5-15) 
𝐽 =  
0.94𝐻0.757 , 2 < 𝐻 ≤ 59.3
3.42𝐻0.441 , 𝐻 > 59.3
  (5-16) 
𝐻 =
4
3
𝐸𝑂𝑀𝑂
−0.149  
𝜇𝐿
𝜇𝑟𝑒𝑓
 
−0.14
 (5-17) 
where 𝜇𝑟𝑒𝑓  (0.0009 kgm
-1s-1) is the reference viscosity. It is taken to be equal to 
the dynamic viscosity of water at standard conditions. 
ANSYS CFX fuses the above mentioned relations to determine the drag 
coefficient by equation 5-18 
𝐶𝐷 𝑑𝑖𝑠𝑡𝑜𝑟𝑡𝑒𝑑 = 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝐶𝐷 𝑒𝑙𝑙𝑖𝑝𝑠𝑒 , 𝐶𝐷 𝑐𝑎𝑝   
𝐶𝐷,1 = 𝑚𝑎𝑥𝑖𝑚𝑢𝑚(𝐶𝐷 𝑆𝑝𝑕𝑒𝑟𝑒 , 𝐶𝐷 𝑑𝑖𝑠𝑡𝑜𝑟𝑡𝑒𝑑 ) 
(5-18) 
𝐶𝐷,1 is the drag coefficient for flow past a single bubble. For high void fraction 
dispersed flow regime, it is modified by a volume fraction correction exponent, 
𝑛, given by equation 5-19. In this work 𝑛 was set to 2, as per ANSYS CFX 
solver modelling guidelines. 
𝐶𝐷 = 𝛼𝐿
𝑛𝐶𝐷,1 (5-19) 
5.3.2 The Lift Force 
A fluid particle moving in a shear liquid field experiences a lift force 
perpendicular to relative velocity of the flow due to asymmetrical flow field 
54 
around itself. This shear and wake induced transverse lift force per unit volume 
is described by Zun (1980), equation 5-20. 
𝑀   𝐿
𝐿 = 𝐶𝐿𝛼𝐺𝜌𝐿 𝑈  𝐿 − 𝑈  𝐺 × (∇ × 𝑈  𝐿) (5-20) 
where 𝐶𝐿 is the lift force coefficient. Tomiyama et al. (2002) conducted 
experiments on single air bubbles in a Glycerol-Water solution flowing in a 
cylindrical tube. They showed that for small air bubbles lift coefficient is positive 
and depends on Bubble Reynolds Number. However, for large bubbles lift 
coefficient becomes negative in sign and depends on shape through a modified 
Eötvös Number (𝐸𝑂𝑑 ). The lift coefficient sign reversal was found to occur at 
around 5.8 mm for an air-water system. Even though, correlations of 𝐶𝐿 were 
based on experiments on a highly viscous Glycerol-Water solution, Tomiyama 
et al. (2002) demonstrated that they are equally applicable to low viscosity air-
water flow. ANSYS CFX utilizes slightly modified form of the correlations 
developed in Tomiyama et al. (2002). The lift coefficient has been limited to -
0.27 for 𝐸𝑂𝑑 > 10 in CFX, as reported in Prasser et al. (2008) and Lucas et al. 
(2007). Correlation is given by equations 5-21 and 5-22. Long axis of 
deformable bubble is used as a characteristic length scale (𝑑𝐻) in calculation of 
𝐸𝑂𝑑 , equation 5-23. Assuming a bubble to be a spheroid, 𝑑𝐻 is given by 
equation 5-24. 
𝐶𝐿 =  
𝑚𝑖𝑛𝑖𝑚𝑢𝑚 0.288 tanh 0.121𝑅𝑒𝐵 , 𝑓 𝐸𝑂𝑑   , 𝐸𝑂𝑑 < 4
𝑓 𝐸𝑂𝑑  , 4 ≤ 𝐸𝑂𝑑 ≤ 10
−0.27, 𝐸𝑂𝑑 > 10
  (5-21) 
𝑓 𝐸𝑂𝑑  = 0.00105𝐸𝑂𝑑
3 − 0.0159𝐸𝑂𝑑
2 − 0.0204𝐸𝑂𝑑 + 0.474 (5-22) 
𝐸𝑂𝑑 =
𝑔 𝜌𝐿 − 𝜌𝐺 𝑑𝐻
2
𝜍
 (5-23) 
𝑑𝐻 = 𝑑𝐵 1 + 0.163𝐸𝑂
0.757 
1
3 (5-24) 
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5.3.3 The Wall Lubrication Force 
Experiments conducted by various researchers on air-water flow in a pipe 
revealed absence of air phase near a wall. It has been also observed in present 
work. Antal (1991) resolved this by deriving a wall lubrication force which 
prevents bubbles from coming very close to the wall. As a bubble moves closer 
to the wall, due to no slip flow condition, drainage rate between the wall and 
bubble becomes smaller than the drainage rate on the other side. This non 
symmetric flow distribution results in a wall lubrication force which pushes the 
bubble away from the wall leading to zero void fraction profile at the wall. Antal 
(1991) derived following formulation for the wall lubrication force: 
𝑀   𝐿
𝑊𝐿 = −𝐶𝑊𝐿𝛼𝐺𝜌𝐿 (𝑈  𝐺 − 𝑈  𝐿) − [𝑛  𝑤 ∙ (𝑈  𝐺 − 𝑈  𝐿)]𝑛  𝑤  
2
𝑛  𝑤  (5-25) 
𝐶𝑊𝐿 =
2𝐶𝑤1
𝑑𝐵
+
𝐶𝑤2
𝑌𝑤
 (5-26) 
 𝐶𝑤1 = −0.104 − 0.06(𝑈  𝐺 − 𝑈  𝐿), 𝐶𝑤2 = 0.147 (5-27) 
where 𝐶𝑊𝐿  is the wall lubrication force coefficient and 𝑛  𝑤  is the unit normal 
vector away from the wall. 𝑌𝑤  is the distance of bubble centre from the wall. 𝐶𝑤1 
and 𝐶𝑤2 are coefficients, computed by equation 5-27. Tomiyama (1998) 
improved Antal’s (1991) model for pipe flow and gave following formulation, 
equation 5-28. 
𝐶𝑊𝐿 = 𝐶𝑊3
𝑑𝐵
2
  
1
𝑌𝑤2
−
1
 𝐷 − 𝑌𝑤 2
  (5-28) 
where 𝐷 is the pipe diameter and 𝐶𝑊3 is a function of Eötvös Number. ANSYS 
CFX utilizes a slightly different version of the correlation proposed by Tomiyama 
(1998), as given in equation 5-29. 
𝐶𝑊3 =  
𝑒(−0.933𝐸𝑂 +0.179), 1 ≤ 𝐸𝑂 ≤ 5
0.00599𝐸𝑂 − 0.0187, 5 < 𝐸𝑂 ≤ 33
0.179, 𝐸𝑂 > 33
  (5-29) 
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Tomiyama’s (1998) formulation leads to better prediction of gas void fraction 
profiles than Antal’s (1991) model. However, its biggest disadvantage is that it 
can only be used in pipe flow because of the use of pipe diameter as a 
characteristic length scale. Frank (2005) extended the Tomiyama’s correlation 
to any geometry by developing a geometry independent version of the wall 
lubrication force coefficient, as given in equation 5-30. 
𝐶𝑊𝐿 = 𝐶𝑊3 𝐸𝑂  𝑚𝑎𝑥𝑖𝑚𝑢𝑚
 
 
 
0,
1
𝐶𝑊𝐷
 
1 −
𝑌𝑤
𝐶𝑊𝐶𝑑𝐵
𝑌𝑤  
𝑌𝑤
𝐶𝑊𝐶𝑑𝐵 
 
𝑝𝑤 −1
 
 
 
 
 (5-30) 
where 𝐶𝑊3 is determined from equation 5-29. 𝐶𝑊𝐶  is the cut-off coefficient which 
when multiplied by bubble diameter gives the distance from the wall over which 
wall lubrication force is active. 𝐶𝑊𝐷  is the damping coefficient which controls 
magnitude of the wall forces and 𝑝𝑤  is a power law constant. During 
simulations, as per the suggestion of Frank (2005), 𝐶𝑊𝐶 , 𝐶𝑊𝐷  and 𝑝𝑤  were set to 
10.0, 6.8 and 1.7, respectively. 
5.3.4 Virtual Mass Force 
An accelerating fluid particle tends to accelerate surrounding fluid. Hence, a 
part of kinetic energy of the accelerating fluid particle will be used to accelerate 
the surrounding fluid, which will be experienced as a drag force on the fluid 
particle. This resistive force on the fluid particle is known as the virtual mass 
force and given by equation 5-31 (Drew et al., 1979 and Drew and Lahey, 
1987). 
𝑀   𝐿
𝑉𝑀 = 𝐶𝑉𝑀𝛼𝐺𝜌𝐿  
𝐷𝐺𝑈  𝐺
𝐷𝑡
−
𝐷𝐿𝑈  𝐿
𝐷𝑡
  (5-31) 
where 𝐶𝑉𝑀  is the virtual mass coefficient, currently taken to be 0.5. 
𝐷𝐺
𝐷𝑡
 and 
𝐷𝐿
𝐷𝑡
 
represent material derivatives with respect to gas and liquid phase, respectively. 
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5.3.5 Turbulent Dispersion Force 
Turbulent dispersion force is used to account for dispersion of gas phase by 
turbulent eddies. In this work Favre Averaged Drag Model proposed by Burns et 
al. (2004) was used. Burns et al. (2004) obtained turbulent dispersion force by 
time averaging of the fluctuating component of the interphase drag force. 
𝑀   𝐿
𝑇𝐷 = 𝐶𝐷𝐶𝑇𝐷
𝜈𝑡𝐿
𝜍𝛼𝐿
 
∇𝛼𝐺
𝛼𝐺
−
∇𝛼𝐿
𝛼𝐿
  (5-32) 
where 𝐶𝐷 is the drag force coefficient and 𝐶𝑇𝐷  is the turbulent dispersion force 
coefficient which is taken to be 1. 𝜈𝑡𝐿  is the kinematic eddy viscosity of liquid 
phase and 𝜍𝛼𝐿 is the Turbulent Schmidt Number for liquid phase volume fraction, 
taken to be 0.9 in the present work. Since, 𝛼𝐺 + 𝛼𝐿 = 1, therefore equation 5-32 
can also be written as 
𝑀   𝐿
𝑇𝐷 = 𝐶𝐷𝐶𝑇𝐷
𝜈𝑡𝐿
𝜍𝛼𝐿
 
1
𝛼𝐺
+
1
𝛼𝐿
 ∇𝛼𝐺  (5-33) 
5.4 Turbulence Modelling 
Liquid turbulence was modelled by the Shear Stress Transport model while a 
zero equation turbulence model was used for air phase. 
5.4.1 Liquid Phase Turbulence Modelling 
Liquid turbulence was modelled by the Shear Stress Transport model which has 
been extended to multiphase flow. Shear Stress Transport model was 
developed by Menter (1994). It has two key improvements over conventional 
two equation turbulence models. First, it fuses the 𝑘 − 𝜀 and 𝑘 − 𝜔 models in 
such a way that 𝑘 − 𝜔 turbulence model is used in the near wall region while 
𝑘 − 𝜀 model is used in the free shear layers. Second, it utilizes a better 
definition of eddy viscosity by accounting the transport of the principal turbulent 
shear stresses.  
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Main idea behind fusing the two models is that the 𝑘 − 𝜔 model performs 
superior in the logarithmic region of the boundary layer for flows involving 
adverse pressure gradients. However, it suffers from free stream dependency in 
the free shear layers or wake region. Menter (1994) showed that reducing the 
free stream values of 𝜔𝑓  by four orders of magnitude than earlier value (while 
maintaining same value of free stream eddy viscosity) resulted in 100% change 
in eddy viscosity for flat plate zero pressure gradient boundary layer 
computation. Therefore, in free shear layer region the 𝑘 − 𝜀 model which does 
not suffer from free stream dependency is favoured over the 𝑘 − 𝜔 model. To 
achieve this improvement the conventional 𝑘 − 𝜀 model is first transformed to a 
𝑘 − 𝜔 model. It is then multiplied by 1 − 𝐹1 and added to the original 𝑘 − 𝜔 
model multiplied by 𝐹1, where 𝐹1 is the blending function. 𝐹1 is formulated in 
such a way that it is 1 in the boundary sub layer, logarithmic layer and gradually 
achieves a zero value in the free shear layer region. 
5.4.2 Gas Phase Turbulence Modelling 
Turbulence modelling of gas phase was accomplished through a zero equation 
turbulence model. In this model, gas phase eddy viscosity is related to liquid 
phase dynamic viscosity by following relation (Yeoh, 2010, p.75): 
𝜇𝑡𝐺 =
𝜌𝐺
𝜌𝐿
𝜇𝑡𝐿
𝑃𝑟𝑡
 (5-34) 
where 𝜇𝑡𝐿  is the liquid phase dynamic eddy viscosity and 𝜇𝑡𝐺  is the gas phase 
dynamic eddy viscosity. 𝑃𝑟𝑡  is the turbulent Prandtl Number relating the gas 
phase eddy viscosity with the liquid phase eddy viscosity.  
5.4.3 Bubble Induced Turbulence Modelling 
Using eddy viscosity hypothesis, eddy viscosity for liquid phase can be written 
as: 
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𝜇𝑡𝐿 = 𝐶𝜇𝜌𝐿
(𝑘𝐿)
2 
𝜀𝐿
+ 𝜇𝑡𝐿
𝐵  (5-35) 
where 𝐶𝜇  is an empirical constant and 𝜇𝑡𝐿
𝐵  is the extra bubble induced 
turbulence term. Sato and Sekoguchi (1975) proposed 
𝜇𝑡𝐿
𝐵 = 𝐶𝜇𝐵 𝜌𝐿𝛼𝐺𝑑𝐵 𝑈  𝐺 − 𝑈  𝐿  (5-36) 
where 𝐶𝜇𝐵 is an empirical constant, given a value of 0.6. Hence the effective 
viscosity for liquid phase can be written as 
𝜇𝑒𝑓𝑓 ,𝐿 = 𝜇𝐿𝑎𝑚 ,𝐿 + 𝐶𝜇𝜌𝐿
(𝑘𝐿)
2 
𝜀𝐿
+ 𝜇𝑡𝐿
𝐵  (5-37) 
where 𝜇𝐿𝑎𝑚 ,𝐿 is the dynamic viscosity of the liquid phase. 
5.5 Boundary Conditions 
Transient two-fluid Euler-Euler CFD simulation was carried out for the test case 
of 7 mm nozzle diameter (DN), 100 mm jet length (HN) and 12.5 LPM water flow 
rate (also referred as the Test Case). Since, water tank used during 
experiments is square in shape, therefore only a quarter of water tank was 
modeled, and symmetry condition was provided on appropriate faces (shown in 
yellow color in figure 5-2). On free water surface degassing boundary condition 
was applied, which allowed air to escape to atmosphere (shown in light blue 
color in figure 5-2). Air entrainment modeling at the plunging point by a turbulent 
liquid jet requires prohibitively expensive computational resources. Hence, an 
empirical correlation of gas entrainment rate developed by Ohkawa et al. (1986) 
has been utilized as a boundary condition at the plunging point.  
Figure 5.3 shows air entrainment phenomenon at the impact point. Evans et al. 
(1996) showed that gas entrainment by a plunging liquid jet consists of two 
components, 1) entrainment by an annular film of gas present around the jet 
which is pulled in to the liquid by the downward moving liquid jet, 2) gas 
entrainment in to the rough liquid jet itself, before it plunges in to the liquid pool. 
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This leads to an enlargement of jet diameter. However, in our experiments flow 
was fully developed at the nozzle exit and jet diameter was rather found to 
decrease from the nozzle exit to the impact point. Reduction in jet diameter 
means that air entrainment by second mechanism (trapped air component) can 
be neglected. Hence, only filmwise air entrainment occurs.  
 
Figure 5-2 The Developed Model 
 
Figure 5-3 Schematics of Air Entrainment 
Water jet gained velocity under gravity, as given by equation 5-38. 
𝑉𝐽 =  𝑉𝑁
2 + 2𝑔𝐻𝑁 (5-38) 
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For the water flow rate of 12.5 LPM and the nozzle diameter of 7 mm, 𝑉𝑁 is 
5.41343 m/s and 𝑉𝐽  is found to be 5.59171 m/s. From flow continuity, jet 
diameter at the impingement point (𝐷𝐽 ) is calculated to be 0.0069 m, by 
equation 5-39. 
𝐷𝐽 =  
4
𝜋
12.5 × 10−3
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1
𝑉𝐽
 (5-39) 
Evans et al. (1996) defined 𝐷∗ as the effective diameter of the film gas 
entrainment and developed a correlation of 𝐷∗ = 2.4𝐷𝑁. Hence, for 7 mm nozzle 
diameter, 𝐷∗ is 0.0168 m. Using the correlation of air entrainment in a CPLJ 
system, given by equation 5-40 (Ohkawa et al., 1986 and Bin,1993), air 
entrainment rate 𝑄𝑎  is calculated to be 4.25501×10
-4 m3/s. 
𝑄𝑎 = 0.968 𝑉𝐽
3𝐷𝑁
2 
0.8
 
𝐷𝑁
𝐷𝐶
 
1.3
 
𝐻𝐶
𝐷𝐶
 
−1.0
 (5-40) 
Hence, air velocity in air inflow region (𝑉𝑎 ) is calculated to be 2.309 m/s, 
equation 5-41. Input water flow rate of 12.5 LPM to the tank is same as the exit 
water flow rate from the nozzle of 25.4 mm provide at the bottom of the tank. 
Hence, water velocity at the outlet nozzle was calculated to be 0.41264 m/s. 
Boundary conditions have been summarized in Table 5-1. 
𝑉𝑎 =
𝑄𝑎
𝜋
4
 𝐷∗2 − 𝐷𝐽
2 
 (5-41) 
Table 5-1 Summary of Boundary Conditions 
Boundary 
Condition 
Region Comments 
𝑉𝑊𝑎𝑡𝑒𝑟  (m/s) 𝑉𝑎𝑖𝑟  (m/s) 𝛼𝐺  
Inlet 1 -5.59171 0.00000 0 
Inlet 2 0.00000 -2.30900 1 
Outlet 3 -0.41264 0.00000 0 
Symmetry 4  
Outlet 5 Degassing Condition 
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5.6 Numerical Details 
Multiphase CFD simulations were carried out using commercial CFD software 
ANSYS CFX 12.1. A hexahedral grid of 84630 elements was developed in 
GAMBIT (grid generation software). The developed grid is shown in figure 5-4. 
A time step of 0.0005 s was used for transient simulation with a minimum 
coefficient loop iteration of 1 and a maximum coefficient loop iteration of 10. 
Convergence criteria were implemented with RMS residual target of 1×10-5. 
Second Order Backward Euler scheme was used for discretization of transient 
terms, and the High Resolution scheme was used for discretization of advection 
terms. Mass transfer between air and water phase was neglected. Air phase 
was modeled as a polydispersed fluid under the framework of Multiple Size 
Group (MUSIG) Model. Eight size groups of equal diameters with a minimum 
and a maximum bubble diameter of 0.0005 m and 0.007 m were used. 
Selection of minimum and maximum bubble diameters was based on the 
recommendation of Podila et al. (2007). Bubble coalescence and breakage 
were incorporated by Prince and Blanch Model (Prince and Blanch, 1990) and 
Luo and Svendsen Model (Luo and Svendsen, 1996), respectively. Simulations 
were initialized using two-phase steady state results. 
 
Figure 5-4 Developed Grid 
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5.6.1 Numerical Uncertainty 
It is important to estimate discretization errors present in the simulations. In 
present work, discretization errors were estimated by the method proposed by 
Celik (2003) as a part of the ASME Journal of Fluids Engineering editorial policy 
for estimation of the discretization errors. Three grids of 10,300, 38,500 and 
84,630 elements were generated. Grid refinement was done systematically 
using geometrically similar cells of hexahedral elements. Transient simulations 
were performed with a time step of 0.0005 s for these three grids.  
Representative global grid size for the grids is calculated to be 0.02151 m (𝑕3) 
for 10,300 elements, 0.01386 m (𝑕2) for 38,500 elements, 0.01066 m (𝑕1) for 
84,630 elements by using following formulae: 
𝑕 =  
1
𝑁
 ∆𝑉𝑖
𝐸
𝑁
𝑖=1
 
1
3
 (5-42) 
where  ∆𝑉𝑖
𝐸𝑁
𝑖=1  is the volume occupied by all the elements, and N is the total 
number of elements. From equation 5-43, it is clear that 𝑕𝑐𝑜𝑎𝑟𝑠𝑒 /𝑕𝑓𝑖𝑛𝑒 > 1.3. 
𝑕3
𝑕2
= 𝑟32 = 1.552 
𝑕2
𝑕1
= 𝑟21 = 1.300 
(5-43) 
Apparent order, 𝑝𝑢 , of the solver method is calculated by the equation 5-44. 
𝑝𝑢 =
1
ln r21 
 ln  
ϵ32
ϵ21
 + m(𝑝𝑢)  
m 𝑝𝑢 =  ln  
𝑟21
𝑝𝑢 − 𝑠𝑢
𝑟32
𝑝𝑢 − 𝑠𝑢
  
𝑠𝑢 = 1. sign  
ϵ32
ϵ21
  
(5-44) 
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ϵ32 = ∅3 − ∅2 
ϵ21 = ∅2 − ∅1 
where ∅ is the variable to be monitored. We are observing time averaged air 
velocity at point M1 (0.042, 0, 0.29) and water velocity at the point M2 (0.002, 
0.002, 0.36). For calculation of 𝑝𝑢 , equation 5-44 is solved using MATLAB. After 
calculation of 𝑝𝑢  extrapolated values of variables are computed by equation 5-
45. 
∅ext
21 =
𝑟21
𝑝𝑢 ∅1 − ∅2
𝑟21
𝑝𝑢 − 1
 (5-45) 
Finally the following error estimates are calculated 
ea
21 =  
∅1 − ∅2
∅1
  (5-46) 
eext
21 =  
∅ext
21 − ∅1
∅ext
21   (5-47) 
GCIfine
21 =
1.25ea
21
𝑟21
𝑝𝑢 − 1
 (5-48) 
where ea
21 is approximate relative error and eext
21  is extrapolated relative error. 
GCIfine
21  is the fine grid convergence index. Results for above calculations are 
presented in Table 5-2. 
Table 5-2 Results for Discretization Error 
 Water Velocity at Point M2 Air Velocity at Point M1 
N1,N2,N3 10,300, 38,500, 84,630 10,300, 38,500, 84,630 
𝑟21 1.300 1.300 
𝑟32 1.552 1.552 
∅1 5.21978 m/s 0.48344 m/s 
∅2 5.34032 m/s 0.45965 m/s 
∅3 5.13500 m/s 0.46940 m/s 
𝑝𝑢  1.429 9.7462 
∅ext
21  4.95478 m/s 0.48544 m/s 
ea
21 2.30% 4.92% 
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eext
21  5.35% 0.41% 
GCIfine
21  6.32% 0.52% 
 
Both the above cases are examples of oscillatory convergence as 
ϵ32
ϵ21
< 0. On 
an average, discretization errors were found in the range of 0-8%. Results can 
be improved with an even finer grid. Given the fact that four to five weeks of 
time was required in obtaining results with 84,630 elements, simulation with 
finer grid was not attempted due to lack of time and computational resources.  
Effect of time step size was analyzed by performing simulations with a time step 
of 0.0005 s and 0.001 s for the grid of 84,630 elements. Result of the time 
averaged air volume fraction is being presented below for both the cases, figure 
5-5. 
 
Figure 5-5 Time averaged air volume fraction for the time step of 0.0005 s 
and 0.001 s. 
It can be observed that void fraction profiles are very close to each other for 
both the cases. However, to maintain accuracy time step of 0.0005 s was 
adopted in the present study. 
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5.7 Results and Discussion 
 
Figure 5-6 CFD result of time averaged water velocity map in PIV area of 
investigation 
 
Figure 5-7 Ensemble averaged water velocity field for 7 mm DN, 100 mm HN 
and 12.5 LPM water flow rate 
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Starting from steady state results, transient results stabilized to a quasi steady 
state. Figure 5-6 shows time averaged water velocity flow map from CFD 
computation corresponding to the PIV area of investigation. It can be observed 
that close to the bubble plume, water is entrained in the plume and lifted 
upwards. At the free water surface, lifted water turns towards the tank wall and 
returns in downward direction close to the wall, resulting in a large scale 
circulatory feature. Figure 5-7 shows water velocity field from PIV Experiments. 
Flow structures in CFD and PIV results are similar. However CFD velocity 
values are slightly higher than PIV results. 
 
Figure 5-8 Time Averaged Air Volume Fraction 
Figure 5-8 shows contours of time averaged air volume fraction in the plane of 
symmetry which is also the plane of investigation for PIV experiments. Figure 5-
8 clearly shows dispersion of entrained air in the water tank. Outer contour of air 
volume fraction can be used to define outer boundary of bubble plume for 
comparison with experiments. Hence, an isoline of 1% air volume fraction is 
68 
generated and compared with ensemble averaged bubble plume profile from 
high speed camera experiments, as shown in figure 5-9. CFD results are in 
agreement with experimentally determined plume boundary with a maximum to 
minimum error of 10 mm to less than 5 mm, respectively. At x = 0, time 
averaged depth of plume was experimentally determined to be 59.2 mm from 
the end of the downcomer tube, while from CFD results it was found to be 42 
mm. 
 
Figure 5-9 Experimental and numerical results of bubble plume boundary 
In figure 5-8, close to the point of impingement air volume fraction is very high 
(greater than 0.9). Its value decreases as air is dispersed down the downcomer 
tube into the water tank. It can be deduced that water jet plunges some distance 
in the downcomer in air space before it encounters water. It means that free 
water surface in the downcomer tube is located below the free water surface in 
the water tank. During experiments, bubble flow around impingement point at 
the test condition of 7 mm DN, 100 mm HN and 12.5 LPM water flow rate was 
recorded by the high speed camera. Around 2000 image frames were recorded. 
Figure 5-10 shows one such high speed photograph. It clearly shows that water 
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level inside the downcomer is lower than the water tank. In order to 
quantitatively analyze depth of the air space in the downcomer tube, intensity 
values in these 2000 frames were averaged. Figure 5-11 shows cropped 
averaged image of the downcomer tube. In this image less bright region (low 
intensity values) belongs to air space, while bottom bright region is water. Even 
though an exact estimate of the height of the air space cannot be drawn based 
on the intensity averaging process, yet it can be estimated that air space varies 
between 8.6DN to 10.7DN from the top of the downcomer. 
 
Figure 5-10 A high speed camera photograph at the impingement point 
 
Figure 5-11 Intensity averaged image of the downcomer tube 
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From the intensity averaged image, air-water flow is estimated to achieve 
uniform flow condition between 15.7DN to 18.6DN from the top of the 
downcomer. Assuming that flow space greater than 90% air volume fraction can 
be termed air space. From the CFD result of time averaged air volume fraction 
profile, depth of air space in downcomer tube is estimated to be 8.6DN. Air 
volume fraction profile was found to be uniformly developed over more than 
90% downcomer cross section after 120 mm from the top of the downcomer. 
Hence, air-water flow is expected to achieve a uniform flow condition at the 
depth of 17.1DN. Both the above results are in the range of experimental 
observations, which validates the CFD model. 
 
Figure 5-12 Contours of air mean bubble diameter 
Figure 5-12 shows contours of air mean particle diameter. Core of the plume 
around the downcomer is marked by presence of large diameter bubbles (5.4 
mm to 4.5 mm), while in outer region of the plume, bubbles of smaller diameter 
are present (1.4 mm to 4 mm). Minimum bubble diameter was found to be 
0.9484 mm. In order to validate this observation, above mentioned recording of 
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2000 frames was image processed for computation of equivalent bubble 
diameter. Most of the bubbles are part of the plume and overlapping each other. 
However, in every frame some bubbles are dispersed enough around the plume 
that they can be detected individually. Hence, 2000 frames were image 
processed using MATLAB by a method developed by Danciu et al. (2009). In 
this method, at first projection areas of the bubbles were measured. 
Subsequently, bubbles were approximated by circles having same area as that 
of the measured projection. Diameter of the circle is known as the equivalent 
bubble diameter. Figure 5-13 shows detected bubbles in one frame. Here, a 
circle of equivalent bubble diameter was drawn at the geometric centroid of 
each detected bubble. In this manner diameter of bubbles were measured for all 
2000 frames. Figure 5-14 shows the histogram of the bubble diameters. It can 
be observed that most of the bubbles around the plume are in the range of 1 
mm to 4.2 mm with the highest peak of histogram at 2.3 mm and second 
highest at 2.6 mm. It validates the CFD results, where also smaller diameter 
bubbles (1.4 mm to 4 mm) were found to exist in the outer regions of the plume. 
 
Figure 5-13 Bubbles approximated by circles of equivalent diameter 
In conclusion, it can be said that even though CFD results are not exactly same 
as experimental observations, they are still in agreement with each other. Given 
the complexity of the flow and various assumptions involved in multiphase flow 
72 
modeling, such errors are expected (Krepper et al., 2011). Following 
improvements are expected to yield more accurate CFD results: 
 In present work, a homogeneous MUSIG algorithm was used, which 
assumes that air bubbles of different diameters at any point share same 
velocity field. An inhomogeneous MUSIG approach obviates this 
assumption and produces significantly improved results for air volume 
fraction profile. Krepper et al. (2008) have already demonstrated that non 
drag forces which control the air volume fraction profiles are calculated 
more accurately with the inhomogeneous MUSIG model. However, being 
computationally expensive it was not tried in this work. 
 In MUSIG model, bubble coalescence and breakage were incorporated 
by Prince and Blanch Model, and Luo and Svendsen Model, respectively. 
The coalescence and breakage kernels affect bubble size distribution, 
which in turn affects flow hydrodynamics. Podila et al. (2007) analyzed 
various breakage and coalescence models. He showed that Prince and 
Blanch Model, and Luo and Svendsen Model are needed to be improved 
case by case through user adjustable terms for improved prediction of 
void fraction distribution. In present study, it would have required 
transient simulations for many cases, which was beyond the time 
duration of the present work. So default value of coefficients suggested 
by Prince and Blanch, and Luo and Svendsen were used in the present 
study. In future, better results can be obtained by tuning the user 
adjustable parameters. For more information, readers are directed to the 
work of Podila et al. (2007). 
 In this work, air entrainment rate correlations proposed by Ohkawa et al. 
(1986) were utilized. These empirical correlations may contain an error of 
±30%. Recently there have been considerable developments in two 
phase flow instrumentation. Therefore, today more accurate air 
entrainment rate correlations can be obtained. Improved air entrainment 
rate correlations would result in better CFD results. 
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 Surface tension plays an important role in an air-water flow. In current 
work, tap water was used during experiments, and a standard value of 
surface tension coefficient (air-water) of 0.072 Nm-1 was used during 
simulations. Given the dependence of the surface tension coefficient on 
contamination, it will be better to measure the surface tension coefficient 
of used tap water and then utilize the measured value in CFD analysis. 
 
Figure 5-14 Histogram of bubbles in outer region of bubble plume 
Figure 5-15 shows a close up view of the streamlines of time averaged air 
velocity. Figure 5-16 shows water velocity vectors in downcomer tube. It shows 
that in the mixing zone a strong re-circulatory flow pattern is developed. Air 
bubbles close to the wall experience lesser drag force than bubbles in core of 
the flow. Hence these bubbles tend to rise to the surface due to buoyancy 
forces and pull water in the upwards direction. Some bubbles leave the 
downcomer tube while some of them are dragged by the water velocity field in 
the shearing flow close to the impingement point, leading to a re-circulatory air-
water flow. Air mass flow rate to atmosphere from the free water surface outside 
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the downcomer tube was found to be 85% of inlet air mass flow rate. It means 
that at least 85 % of the inlet air breaks thorough the downcomer tube in to the 
outer water tank. 
 
Figure 5-15 Time averaged air velocity streamlines in the downcomer 
Present work shows that a CPLJ system can be successfully simulated through 
CFD. It paves way for more complex CFD simulations, where air-water mass 
transfer will be switched on, and CPLJ systems will be simulated in their field 
application format. For example in a stratified lake scenario, effect of more than 
one CPLJ system will be analyzed on destratification efficiency, or a CPLJ 
system for waste water treatment will be optimized by maximizing the ratio of air 
hold up (or air-water mass transfer) with the inlet jet power. Current work serves 
as a first step towards these goals. 
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Figure 5-16 Water velocity vector field in the downcomer 
 
 
 
76 
 
 
77 
6 Conclusion and Recommendations for Future Work 
6.1 Conclusions 
In present work, a confined plunging liquid jet system was experimentally and 
numerically analyzed. Impact of change in jet height (HN), water flow rate and 
nozzle diameter (DN) on bubble plume and surrounding flow field was 
investigated through high speed camera photography and Particle Image 
Velocimetry (PIV). Image processing programs were developed in MATLAB for 
segmentation of bubble plume boundaries in high speed camera images. 
Results from high speed camera experiments showed that: 
 Bubble plume extents are only weakly dependent on jet height. A 
comparison of plume profiles for different jet heights at DN = 10 mm and 
12.5 LPM Water Flow Rate revealed that bubble plume profiles are 
almost overlapping each other. Same effect was observed for other test 
cases too. 
Moving beyond the critical flow rate of 7.5 LPM, for those test conditions 
where plume is distinctly present in the outer pool, plume depth is also 
found to be unsystematically affected by change in HN. In fact in many 
cases results were found to be overlapping. 
 Increase in water flow rate leads to wider and deeper bubble plumes. As 
the inlet water flow rate was increased from 7.5 LPM to 15 LPM, plume 
boundaries were found to monotonically increase in depth and width for 
all the test cases.  
 Increase in nozzle diameter for same flow rate and jet height reduces 
bubble plume width. For the water flow rate of 15 LPM, plume extents 
with 7 mm DN were found to be approximately 2-3 times, in width of 
plume extents for 10 mm DN. Similar trend was observed for other test 
cases too. A comparison of results of plume depth for 7 mm and 10 mm 
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DN showed that beyond 10 LPM, plume depth is significantly higher for 7 
mm nozzle. 
Due to abrupt changes in optical properties of flow, PIV experiments based on 
Mie-scattering of laser light were found to be full of noise. Hence, PIV-LIF 
method was used for water flow field measurement. In this method, fluorescent 
coated tracer particles and a tuned optical filter ensured that only tracer 
particles were recorded and noise from bubbles was filtered out. PIV results 
showed that with increase in water flow rate, water velocity around bubble 
plume increases in the upward direction. Change in HN, while maintaining the 
same flow rate and DN does not appreciably affect the water flow field.  
With increase in nozzle diameter from 7 mm to 10 mm, water velocity field 
around plume was found to decrease. A comparison of water velocity field for 
both the nozzles at 150 mm HN and 15.0 LPM water flow rate revealed that 
water velocity vectors around bubble plume for 7 mm DN case are in the range 
of 0.08 to 0.1 m/s, while for 10 mm DN case vectors are in the range of 0.07-
0.08 m/s. 
Based, on the above results smaller nozzle diameter with higher flow rate would 
lead to faster destratification or aeration. 
On numerical front, CFD simulation of CPLJ system was performed for the test 
case of 7 mm DN, 100 mm HN and 12.5 LPM water flow rate, using ANSYS CFX 
12.1. Numerical and experimental results were found to be in agreement with 
each other. CFD results showed that close to the bubble plume, water is 
entrained in the plume and lifted upwards. At the free water surface, lifted water 
turns towards the tank wall and returns in downward direction close to the wall, 
resulting in a large scale circulatory feature. At least 85% of the entrained air 
was found to breakthrough the downcomer in to the outer water pool. CFD 
result of plume boundary was found to be in agreement with experimentally 
determined plume boundary, with a maximum to minimum error of 10 mm to 
less than 5 mm, respectively. CFD results in conjunction with experimental 
observations helped to understand the mixing phenomenon at the impingement 
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point. Air-water flow in downcomer tube was found to attain a uniform flow 
condition after 17.1DN. In author’s knowledge, this work is first CFD simulation 
of bubble plume dispersion in a confined plunging liquid jet system. Moreover, 
no other study has quantified a CPLJ system using high speed camera 
photography and PIV technique. 
6.2 Recommendations for Future Work 
Following recommendations are being given for future work: 
 In present work, effect of downcomer diameter and downcomer depth 
could not be investigated due to lack of time. Hence, their effect on 
bubble plume extents should be investigated using PIV and high speed 
camera photography to gain a complete understanding of parameters 
affecting plume profiles. 
 Effect of nozzle diameter, jet height, downcomer diameter, downcomer 
depth, jet velocity and nozzle geometry on air entrainment rate should be 
investigated using Wire Mesh Sensors or Optical Tomography 
Technique. Later, air entrainment rate correlations should be developed 
from this data. Wire Mesh Sensors, developed at Helmholtz-Zentrum 
Dresden-Rossendorf (Germany) allow investigation of air-water flow at 
high spatial and temporal resolution (Prasser et al., 2001, Prasser et al., 
2005 and Pietruske and Prasser, 2007).  Optical tomography also 
facilitates high temporal resolution and it is completely non invasive 
(Schleicher et al., 2008). Air entrainment rate in downcomer tube can be 
measured relatively non-intrusively and more accurately by the above 
mentioned techniques than the method used by Ohkawa et al. (1986). 
Hence, air entrainment rate correlations developed from the experimental 
data obtained through the wire mesh sensors or optical tomography 
technique would be more accurate and robust than the work of Ohkawa 
et al. (1986). 
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 Moving ahead from present work, CFD simulation of bubble plume 
dispersion should be performed with improved air entrainment rate 
correlations developed in the above step. In simulations air-water mass 
transfer should also be activated, and the inhomogeneous MUSIG model 
should be utilized for polydispersed air phase modelling. CFD results 
should be validated against experimental measurements of oxygen mass 
transfer. 
 After validation, CFD model should be extended to analyze 
destratification and aeration performance in a field application format, 
where a rectangular grid of uniformly spaced downcomers is used for 
destratification. CFD results from this study will provide definitive 
guidance to design engineers of aeration systems. Later, downcomer 
grid spacing and other CPLJ parameters can be optimized to achieve 
higher destratification efficiency through CFD analysis.
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APPENDICES 
Appendix A Ensemble Averaged Water Velocity Field 
Ensemble averaged water velocity field for different test cases in Test Matrix 1 
and 2 (Table 2-1 and 2-2) is being presented below: 
 
Figure  A-1 Water velocity field for 7 mm DN, 100 mm HN and 7.5 LPM water 
flow rate 
92 
 
Figure  A-2 Water velocity field for 7 mm DN, 100 mm HN and 10.0 LPM 
water flow rate 
 
Figure  A-3 Water velocity field for 7 mm DN, 100 mm HN and 12.5 LPM 
water flow rate 
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Figure  A-4 Water velocity field for 7 mm DN, 100 mm HN and 15.0 LPM 
water flow rate 
 
Figure  A-5 Water velocity field for 7 mm DN, 150 mm HN and 7.5 LPM water 
flow rate 
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Figure  A-6 Water velocity field for 7 mm DN, 150 mm HN and 10.0 LPM 
water flow rate 
 
Figure  A-7 Water velocity field for 7 mm DN, 150 mm HN and 12.5 LPM 
water flow rate 
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Figure  A-8 Water velocity field for 7 mm DN, 150 mm HN and 15.0 LPM 
water flow rate 
 
Figure  A-9 Water velocity field for 7 mm DN, 200 mm HN and 7.5 LPM water 
flow rate 
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Figure  A-10 Water velocity field for 7 mm DN, 200 mm HN and 10.0 LPM 
water flow rate 
 
Figure  A-11 Water velocity field for 7 mm DN, 200 mm HN and 12.5 LPM 
water flow rate 
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Figure  A-12 Water velocity field for 7 mm DN, 200 mm HN and 15.0 LPM 
water flow rate 
 
Figure  A-13 Water velocity field for 7 mm DN, 250 mm HN and 7.5 LPM 
water flow rate 
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Figure  A-14 Water velocity field for 7 mm DN, 250 mm HN and 10.0 LPM 
water flow rate 
 
Figure  A-15 Water velocity field for 7 mm DN, 250 mm HN and 12.5 LPM 
water flow rate 
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Figure  A-16 Water velocity field for 7 mm DN, 250 mm HN and 15.0 LPM 
water flow rate 
 
Figure  A-17 Water velocity field for 10 mm DN, 100 mm HN and 7.5 LPM 
water flow rate 
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Figure  A-18 Water velocity field for 10 mm DN, 100 mm HN and 10.0 LPM 
water flow rate 
 
Figure  A-19 Water velocity field for 10 mm DN, 100 mm HN and 12.5 LPM 
water flow rate 
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Figure  A-20 Water velocity field for 10 mm DN, 100 mm HN and 15.0 LPM 
water flow rate 
 
Figure  A-21 Water velocity field for 10 mm DN, 150 mm HN and 7.5 LPM 
water flow rate 
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Figure  A-22 Water velocity field for 10 mm DN, 150 mm HN and 10.0 LPM 
water flow rate 
 
Figure  A-23 Water velocity field for 10 mm DN, 150 mm HN and 12.5 LPM 
water flow rate 
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Figure  A-24 Water velocity field for 10 mm DN, 150 mm HN and 15.0 LPM 
water flow rate 
 
Figure  A-25 Water velocity field for 10 mm DN, 200 mm HN and 7.5 LPM 
water flow rate 
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Figure  A-26 Water velocity field for 10 mm DN, 200 mm HN and 10.0 LPM 
water flow rate 
 
Figure  A-27 Water velocity field for 10 mm DN, 200 mm HN and 12.5 LPM 
water flow rate 
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Figure  A-28 Water velocity field for 10 mm DN, 200 mm HN and 15.0 LPM 
water flow rate 
 
Figure  A-29 Water velocity field for 10 mm DN, 250 mm HN and 7.5 LPM 
water flow rate 
106 
 
Figure  A-30 Water velocity field for 10 mm DN, 250 mm HN and 10.0 LPM 
water flow rate 
 
Figure  A-31 Water velocity field for 10 mm DN, 250 mm HN and 12.5 LPM 
water flow rate 
107 
 
Figure  A-32 Water velocity field for 10 mm DN, 250 mm HN and 15.0 LPM 
water flow rate 
Appendix B MATLAB Programs for Image Processing 
of High Speed Camera Photographs 
B.1 Script for Splitting Multipage Tiff Files 
clear all, clc, close all 
name='34 mm dc, 7mm id, 10 cm Jet Length, 12.5 LPM, 50 FPS, 1a'; %Input 
file name here 
fname=[name,'.tif']; 
info=imfinfo(fname); %Genrates information for the fname structure 
num_images=numel(info); %Produces number of arrays 
for k = 1:num_images  
    A=imread(fname, k); 
108 
outputfile = [name, int2str(k), '.tif']%Dynamic creation of string arrays 
imwrite(A, outputfile, 'tif', 'compression', 'none') 
end 
 
fname='34 mm dc, 7mm id, 10 cm Jet Length, 12.5 LPM, 50 FPS, 1b.tif'; 
info=imfinfo(fname); 
num_images=numel(info); 
for k = 1:num_images  
    A=imread(fname, k); 
outputfile = [name, int2str(1500+k), '.tif'] 
imwrite(A, outputfile, 'tif', 'compression', 'none') 
end 
fname='34 mm dc, 7mm id, 10 cm Jet Length, 12.5 LPM, 50 FPS, 1c.tif'; 
info=imfinfo(fname); 
num_images=numel(info); 
for k = 1:num_images  
    A=imread(fname, k); 
outputfile = [name, int2str(3000+k), '.tif'] 
imwrite(A, outputfile, 'tif', 'compression', 'none') 
end 
fname='34 mm dc, 7mm id, 10 cm Jet Length, 12.5 LPM, 50 FPS, 1d.tif'; 
109 
info=imfinfo(fname); 
num_images=numel(info); 
for k = 1:num_images  
    A=imread(fname, k); 
outputfile = [name, int2str(4500+k), '.tif'] 
imwrite(A, outputfile, 'tif', 'compression', 'none') 
end 
B.2 Script for Bubble Plume Boundary Detection 
clc; clear all; close all; 
tic 
bcground=(imread('Background.tif')); 
bcground=rgb2gray(bcground); 
bcground=imcrop(bcground, [188 0 326 480]); 
% Declaring Variables 
film=uint8(zeros(434, 327, 6000));  
leftcontour=zeros(233,2,6000); 
rightcontour=zeros(233,2,6000); 
contourthickness=zeros(233,2,6000); 
aveleftcontour=zeros(233,2); 
averightcontour=zeros(233,2); 
%Declaring depth matrix 
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depth=zeros(6000,3); 
for k=1:6000 
k 
filenamea=['34 mm dc, 7mm id, 10 cm Jet Length, 12.5 LPM, 50 FPS, 1a', 
int2str(k), '.tif']; %Provide image file name 
a=(imread(filenamea)); 
a=rgb2gray(a); 
a=imcrop(a, [188 0 326 480]); 
asubtracted=imsubtract(imcomplement(a),imcomplement(bcground)); 
ave=asubtracted; 
ave=imcrop(ave, [1 47 326 433]); %Cropping to remove air space 
ave(410:end,:)=0; 
ave(1:40,:)=1; 
ave(:,1:24)=0; 
ave(:,301:end)=0; 
avebw=im2bw(ave, 15/256); %Thresholding 
avebwd=imdilate(avebw, strel('disk', 9)); 
avebwde=imerode(avebwd, strel('disk', 9)); 
avebwdef=imfill(avebwde, 'holes'); 
avebwdefe=imerode(avebwdef, strel('disk', 8)); 
avebwdefee=imreconstruct(avebwdefe, avebwdef); 
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[B,L] = bwboundaries(avebwdefee,8,'noholes'); 
for count = 1:length(B) 
    count 
    if count>1 
        bcground=ones(6000,120,3); %It has been put as a safeguard to avoid 
code execution due to prsence of more than one objects 
    end 
boundary = B{count}; 
num=(size(boundary, 1)); 
%Genration of boundary coordinates 
for rindex=1:233 
idx=find(boundary(:,1)==rindex); 
colmax=max(boundary(idx,2)); 
colmin=min(boundary(idx,2)); 
leftcontour(rindex,:,k)=[rindex, colmin]; 
rightcontour(rindex,:,k)=[rindex, colmax]; 
contourthickness(rindex,:,k)=[rindex, (colmax-colmin)]; 
end 
aveleftcontour=aveleftcontour+leftcontour(:,:,k); 
averightcontour=averightcontour+rightcontour(:,:,k); 
%Generating depth matrix 
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depcol=165; 
deprowidx=find(boundary(:,2)==depcol); 
deprow=max(boundary(deprowidx,1)); 
depth(k, :, :)=[k, deprow, depcol]; 
%Making film 
film(:, :, k)=ave; 
for r=1:num 
    film(boundary(r, 1),boundary(r, 2),k)=255; 
end 
end 
end 
aveleftcontour=aveleftcontour./6000; 
averightcontour=averightcontour./6000; 
t0=toc 
implay(film) 
matrix2video(film, 10, 3, 1,0) 
% Plotting depth matrix 
figure, plot(depth(:,1), depth(:,2)) % Plots depth of the plume over 6000 image 
frames in pixel values 
B.3 Script for Transforming Boundary Coordinates from Image 
Space to Spatial Coordinate Space 
113 
figure, hleft=plot((aveleftcontour(41:end,2)-165)/1.1,(434-
aveleftcontour(41:end,1))/1.1, 'r', 'LineWidth',1 ); 
hold on 
hright=plot((averightcontour(41:end,2)-165)/1.1,(434-
averightcontour(41:end,1))/1.1, 'r', 'LineWidth',1 ); 
set(gca,'XTick',-175:50:175) 
set(gca,'XMinorTick','on') 
set(gca,'YTick',0:50:425) 
set(gca,'YMinorTick','on') 
y=linspace(434/1.1,201/1.1,44); 
xl=(ones(length(y))*143-165)/1.1; 
htubel=plot(xl, y, 'k', 'LineWidth',2); 
xr=(ones(length(y))*187-165)/1.1; 
htuber=plot(xr, y, 'k', 'LineWidth',2); 
xbase=0; 
ybase=0; 
hbase=plot(xbase,ybase); 
xlabel('X(mm)') 
ylabel('Z(mm)') 
tit=sprintf('%s\n%s', 'Time Averaged Bubble Plume Profile','D_N = 7 mm, H_N = 
100 mm and 12.5 LPM Flow Rate'); 
title(tit,'interpreter','tex') 
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xright=165/1.1; 
xleft=-xright; 
hrightp=plot(xright,0); 
hleftp=plot(xleft,0); 
axis image 
grid on 
leftcontour_sq=leftcontour; 
for k=1:6000 
leftcontour_sq(:,2,k)=(leftcontour(:,2,k)-aveleftcontour(:,2)).^2; 
end;  
rmsleft=sqrt(sum(leftcontour_sq, 3)/6000); 
avadded_rmsleft=aveleftcontour(:,2)+rmsleft(:,2); 
avminus_rmsleft=aveleftcontour(:,2)-rmsleft(:,2); 
hrmsleftadd=plot((avadded_rmsleft(41:end)-165)/1.1,(434-
aveleftcontour(41:end,1))/1.1, '--b' ); 
hrmsleftsub=plot((avminus_rmsleft(41:end)-165)/1.1,(434-
aveleftcontour(41:end,1))/1.1, '--g' ); 
rightcontour_sq=rightcontour; 
for k=1:6000 
rightcontour_sq(:,2,k)=(rightcontour(:,2,k)-averightcontour(:,2)).^2; 
end;  
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rmsright=sqrt(sum(rightcontour_sq, 3)/6000); 
avadded_rmsright=averightcontour(:,2)+rmsright(:,2); 
avminus_rmsright=averightcontour(:,2)-rmsright(:,2); 
hrmsrightadd=plot((avadded_rmsright(41:end)-165)/1.1,(434-
averightcontour(41:end,1))/1.1, '--g' ); 
hrmsrightsub=plot((avminus_rmsright(41:end)-165)/1.1,(434-
averightcontour(41:end,1))/1.1, '--b' ); 
legend( [hleft, hrmsleftadd, hrmsleftsub],'Average', 'Average-rms', 
'Average+rms', 'Location', 'SouthEast'); 
print -dtiff -r300 '34 mm dc, 7mm id, 10 cm Jet Length, 12.5 LPM.tif' 
save('34 mm dc, 7mm id, 10 cm Jet Length, 12.5 LPM.mat'); 
save('34 mm dc, 7mm id, 10 cm Jet Length, 12.5 LPM depth matrix.mat', 
'depth'); 
Appendix C Ensemble Averaged Bubble Plume 
Boundaries 
Ensemble Averaged Bubble Plume profiles for the test cases of Test Matrix 1 
and 2 (Tables 2-1 and 2-2) are being provided below: 
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Figure C-1 DN = 7 mm, HN = 100 mm and Water Flow Rate = 7.5 LPM 
 
Figure C-2 DN = 7 mm, HN = 100 mm and Water Flow Rate = 10.0 LPM 
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Figure C-3 DN = 7 mm, HN = 100 mm and Water Flow Rate = 12.5 LPM 
 
Figure C-4 DN = 7 mm, HN = 100 mm and Water Flow Rate = 15.0 LPM  
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Figure C-5 DN = 7 mm, HN = 150 mm and Water Flow Rate = 7.5 LPM 
 
Figure C-6 DN = 7 mm, HN = 150 mm and Water Flow Rate = 10.0 LPM 
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Figure C-7 DN = 7 mm, HN = 150 mm and Water Flow Rate = 12.5 LPM 
 
Figure C-8 DN = 7 mm, HN = 150 mm and Water Flow Rate = 15.0 LPM 
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Figure C-9 DN = 7 mm, HN = 200 mm and Water Flow Rate = 7.5 LPM 
 
Figure C-10 DN = 7 mm, HN = 200 mm and Water Flow Rate = 10.0 LPM 
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Figure C-11 DN = 7 mm, HN = 200 mm and Water Flow Rate = 12.5 LPM 
 
Figure C-12 DN = 7 mm, HN = 200 mm and Water Flow Rate = 15.0 LPM 
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Figure C-13 DN = 7 mm, HN = 250 mm and Water Flow Rate = 7.5 LPM 
 
Figure C-14 DN = 7 mm, HN = 250 mm and Water Flow Rate = 10.0 LPM 
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Figure C-15 DN = 7 mm, HN = 250 mm and Water Flow Rate = 12.5 LPM 
 
Figure C-16 DN = 7 mm, HN = 250 mm and Water Flow Rate = 15.0 LPM 
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Figure C-17 DN = 10 mm, HN = 100 mm, Water Flow Rate = 7.5 LPM 
 
Figure C-18 DN = 10 mm, HN = 100 mm, Water Flow Rate = 10.0 LPM 
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Figure C-19 DN = 10 mm, HN = 100 mm, Water Flow Rate = 12.5 LPM 
 
Figure C-20 DN = 10 mm, HN = 100 mm, Water Flow Rate = 15.0 LPM 
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Figure C-21 DN = 10 mm, HN = 150 mm, Water Flow Rate = 7.5 LPM 
 
Figure C-22 DN = 10 mm, HN = 150 mm, Water Flow Rate = 10.0 LPM 
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Figure C-23 DN = 10 mm, HN = 150 mm, Water Flow Rate = 12.5 LPM 
 
Figure C-24 DN = 10 mm, HN = 150 mm, Water Flow Rate = 15.0 LPM 
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Figure C-25 DN = 10 mm, HN = 200 mm, Water Flow Rate = 7.5 LPM 
 
Figure C-26 DN = 10 mm, HN = 200 mm, Water Flow Rate = 10.0 LPM 
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Figure C-27 DN = 10 mm, HN = 200 mm, Water Flow Rate = 12.5 LPM 
 
Figure C-28 DN = 10 mm, HN = 200 mm, Water Flow Rate = 15.0 LPM 
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Figure C-29 DN = 10 mm, HN = 250 mm, Water Flow Rate = 7.5 LPM 
 
Figure C-30 DN = 10 mm, HN = 250 mm, Water Flow Rate = 10.0 LPM 
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Figure C-31 DN = 10 mm, HN = 250 mm, Water Flow Rate = 12.5 LPM 
 
Figure C-32 DN = 10 mm, HN = 250 mm, Water Flow Rate = 15.0 LPM 
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